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ABSTRACT 

Moore's Law, which predicts the rise in processing performance of semiconductor chips 

due to downsizing of device dimensions, has primarily driven advances in semiconductor 

technology during the last few decades. As the physical device scales approach atomic 

dimensions, further downsizing is limited due to quantum – mechanical effects and inter-

atomic interactions. Hence, nanoelectronics emerged as a promising complementary 

technology, that provided novel methods and architectures in order to bring in atomic scale 

interactions to macroscopic functionalities. Nanoelectronics holds significant promise for 

expansion of electronic device performances. As for example, it facilitates low energy usage, 

self-powered operations, and photoluminescence, which are applicable in the areas of 

optoelectronics, flexible technology, displays, wearable technology and energy technology to 

name a few.  

This dissertation work is focussed towards fabricating semiconducting devices through 

incorporation of their physical and chemical properties at the nanoscales. In particular, 

functional properties of quantum dots and nanoparticles were modified through ligand 

interactions and semiconducting devices were engineered for applications towards thin film 

transistors, UV-photodetectors and multi-stimuli responsive mechanoreceptors in flexible 

frameworks. Chapter 1 presents a brief introduction to nanomaterials, their functional 

properties and different approaches to tailor their physical and chemical properties. A short 

insight is given on nanomaterial deposition techniques for fabrication of semiconducting 

devices. Successively, brief description on thin film transistors, photodetectors and self- 

powered detectors are presented. An insight is presented on different categories of tactile 

sensors and in addition, recent advancements in this arena are discussed. At the end, we present 

an overview of the challenges and scopes for developing multifunctional devices targeting 

different applications. Chapter 2 presents synthesis of Mn2+-doped ZnS quantum dots and 

surface complexation of these quantum dots with 8-hydroxyquinoline 5-sulphonic acid ligand. 

Herein photoluminescence characteristics of surface complexed quantum dot due to the 

formation of bluish green emitting zinc quinolate (Zn(QS)2) complex are discussed. Thin film 

transistors were fabricated and device characteristics such as carrier mobilities, carrier 

densities, trap state densities and carrier hopping characteristics at variable temperatures were 

studied. Chapter 3 presents fabrication of Mn2+ doped ZnS quantum dot complex 
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photodetectors (QDC-PD) for efficient and ultrasensitive detection of UVA radiations. In the 

same context, effect of Mn2+ doping in ZnS Qdot and surface modification of doped Qdot in 

the detector performance were studied. A shift in the detection band from UVC in Qdot to 

UVA in QDC was observed due to the formation of a luminescent moiety at the Qdot surface. 

UV- photodetection under self-powered mode was demonstrated. Also, the dual emitting 

feature of QDC was utilized as an anti-counterfeiting ink for data encryption. In Chapter 4, a 

highly sensitive tactile sensor developed from a crosslinked gold nanoparticle network and a 

micro-structured PDMS layer is demonstrated. Herein, the device responses to mechanical 

deformations and external stimuli were recorded and piezo-resistive nature of gold nanoparticle 

network was studied under applied mechanical strain. The tactile sensor enabled recognition 

of physical activities such as jogging, leg movements, standing, tapping action and also to 

identify weight and vibration. To enhance the multifunctional attributes of the tactile sensor, 

the piezo-phototronic nature of the assembled nanoparticles was also explored. Chapter 5 

summarizes the works carried out in the dissertation and highlights the key objectives achieved. 

It also presents future prospects of this dissertation work especially the novel application 

potential in diverse fields. 
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Chapter 1  

Introduction 

 

 

Nanoscience and nanotechnology have made ground-breaking achievements in the last few 

decades and have expanded their footprints in almost every discipline of science and 

technology. Miniaturization, high density integration, low power consumption, manifold 

improvement in performance and cost of production are the prime trajectories that the 

electronics industry traverses on. Substantial breakthrough in materials chemistry, versatile 

chemical and physical properties of nanomaterials have opened up platforms for a wide array 

of applications. Applications of nanomaterials in electronics have given rise to new directions 

and have accelerated the technological leap. Advancements in nanoelectronics is targeted 

mainly towards fabrication of environmentally benign and application driven sensors, 

photodetectors, transistors, logic devices, solar cells, light emitting diodes, wearable gadgets, 

energy harvesting systems and flexible electronic devices. Effective design and fabrication of 

multifunctional systems from functional nanomaterials that facilitate synergistic coupling 

between different physical environments would be a novel approach to build intelligent 

systems. The concept of nanotechnology was first introduced by Nobel laureate Richard 

Feynman in 1959, which now has become a wide area of research that deals with materials in 

the size domain 1 nm -100 nm. To be precise one nanometer is equivalent to one billionth of a 

meter (10−9 m). When materials are scaled down to nanometer range, their chemical and 

physical properties are completely different from that of their bulk properties. Nanotechnology 

and their synthetic procedures allow us to manipulate these properties through controlled 

growth, nanoparticle assembly formation and surface functionalization in accordance with the 

application of interest. Physical dimensions of nanomaterials could be confined from all the 

three dimensions (nanosheet- confined in one dimension, nanowire- confined in two 

dimensions, nanoparticle/ quantum dots- confined in all the three directions), which facilitate 

large surface to volume ratio, exhibit quantum confinement effects and allow dynamic 

interactions that enhance their application potential. 
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1.1 Metal Nanoparticles 

Metallic nanoparticles (NP) draw immense interest because of their unique optical, electrical 

and magnetic properties dictated by their shape, size and composition. Metallic nanostructures, 

when impinged with photons of certain energy, produces free electron clouds known as 

localized surface plasmons (LSP), which coherently oscillate in the metal surface and generate 

strong electromagnetic field near the surface of the nanostructure (Figure 1.1a).  

Figure 1.1. (a) Schematic representation of localized surface plasmon resonance in metal 

nanoparticles and (b) broad area of application of functional nanomaterials.   

 

Controlled organization of these metal nanoparticles can couple localized surface plasmons of 

individual nanostructures and generate hybrid plasmons. These oscillating plasmons can relax 

radiatively by re-emitting photons or non-radiatively through generation of non-equilibrium 
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hot carrier population, which dissipate their energy via heating of the nanostructured 

framework. Based on this phenomenon, a number of applications have been demonstrated such 

as enhancement in chemical reactivity1 and photocurrent generation.2 For instance, gold 

nanoparticles (AuNP) decorated on MoS2 layers exhibited enhancement in the photocurrent 

generation, which was further improved through periodically arranged AuNP.2 On a similar 

note, graphene quantum dot when incorporated with AuNP showed superior broadband 

detection capabilities.3 In addition to their wide scale application potential in photochemistry,4, 

5 bio imaging6, 7 therapeutics,8 and material chemistry4 these are predominantly studied in the 

field of clean energy9 as well as electronic devices10 (Figure 1.1b). In addition, crosslinked 

nanoparticles have gained significant interest because of beneficial carrier tunnelling between 

the particles, which provides applicability in numerous fields. The charge transport in 

crosslinked nanoparticles is dependent on the interparticle distance, which is governed by 

structural features of the stabilizing ligand. In this regard, chemiresistive sensors are developed 

that are responsive towards different analytes depending on the type of the cross linker.11 In 

the recent past, such nanoparticle frameworks have also been used as strain sensitive tactile 

sensors.10, 12 These molecularly mediated assemblies of nanoparticles offer piezoelectric 

characteristics which have been employed to design static and dynamic pressure sensor, motion 

detectors, pulse sensors, breath analyser etc.10, 13 

1.2 Quantum Dots 

Semiconducting quantum dots (Qdots) owing to their zero dimensionality demonstrate strong 

size dependency on their optical and electronic charge transport properties due to quantum 

confinement of their electronic wavefunctions. Over the last three decades, Qdots have been 

important materials of research interests and are considered ideal absorbers as well as emitters 

to be utilized for next generation solar cells, diodes, photodetectors, catalysis and optical 

sensors. In addition, due to their size tuneable wide colour gamut, quantum yield, excitation 

and emission dynamics, colour purity and stability, they are highly anticipated as building 

blocks for commercial displays. Qdots are zero dimensional nanocrystals, sizes of which range 

from 1-10 nm. Their versatility originates mainly from the size dependent bandgap and diverse 

surface modifications made possible by a wide array of ligand interactions, which allows low 

cost synthesis and fabrication of devices and facilitates facile modifications of electronic 

properties. 
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1.3 Functional Attributes of Qdots  

1.3.1   Quantum Confinement Effect 

The salient feature of Qdots exhibiting size tunable optical and electronic properties attract 

significant commercial importance. When the size of a semiconductor material is scaled down 

to the range that approaches the de-Broglie wavelength of an electron the energy levels are 

discretised unlike continuous energy bands in bulk materials. Upon three dimensional 

confinement of the physical dimensions of 0 dimensional Qdots to the excitonic Bohr radius 

of the material, the motion of excitons (electron hole pairs upon photo excitation) are also 

restricted in all the three spatial coordinates. This phenomenon is known as quantum 

confinement effect.14, 15 The degree of confinement is inversely proportional to the size of the 

Qdots i.e., as the size of the Qdots is reduced, the degree of quantum confinement increases 

and the energy levels are discretised (Figure 1.2a).15 Discretised energy levels due to quantum 

confinement effect exhibit extraordinary photoluminescence properties (Figure 1.2b), which 

make them a superior choice for next generation electronic devices especially displays and 

photovoltaics. 

Figure 1.2. (a) Schematic representation of discretization of energy levels due to quantum 

confinement effect. (b) Photoluminescence of CdSe/ZnS Qdots in the size band 1.7 nm to 5 

nm. (Reprinted with permission from reference 15. Copywrite 2002 John Wiley and Sons) 

1.3.2 Photoluminescence of Quantum Dots 

When photons having higher energy than the band gap of the Qdot is impinged on the material, 

electrons in the valance band are excited to the conduction band. These poto-excited electrons 

can relax back to the ground state via two possible pathways, 1. Radiative recombination and 
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2. Non-radiative recombination. The radiative recombination of photo-excited electrons and 

holes leads to photon emission, the wavelength of which is largely dependent on the bandgap 

as well as defect states of the Qdot.16 Qdots attract huge attention, because precise control of 

the emission wavelengths could be achieved through tuning the size of the Qdot, doping 

impurity metals and ligand interactions on the Qdot surface.15-17 The schematic representation 

of various processes involved in Qdot photoluminescence is schematically represented in 

Figure 1.3. 

Figure 1.3. Schematic representation of associated processes involved in Qdots 

photoluminescence. 

Size Tailoring 

Photoluminescence characteristics of Qdot can be controlled by controlling the physical 

dimensions of the Qdot. As the size of the Qdot is reduced, a blue shift in the 

photoluminescence spectrum could be observed whereas, if the size is increased a red shift in 

the spectrum could be observed. This relationship could be mathematically understood from 

the Brus equation as follows, where band gap of the Qdot is inversely proportional to its 

radius.18 

𝐸𝑔(𝑄𝑑𝑜𝑡) = 𝐸𝑔(𝑏𝑢𝑙𝑘) + (
ℎ2

8𝑅2) (
1

𝑚𝑒
+

1

𝑚ℎ
) −

1.8𝑒2

4𝜋𝜀𝜀0𝑅
    1.1 

Where, Eg is the bandgap, R is the radius of the Qdot, h is the Planck constant, me and mh are 

the effective mass of electron and hole respectively, 𝜀 corresponds to dielectric constant of the 
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material. From the above equation, it can be illustrated that with decrease in the radius of the 

Qdot (size of the Qdot) the energy band gap is widened. As for example, the photoluminescence 

of CdSe/ZnS core shell Qdots from diameter 1.7 nm to 5 nm are shown in Figure 1.2b, where 

we can observe size tunable photoluminescence characteristics.15 

Impurity Doping 

Doping of impurity atoms to semiconducting Qdots create intermediate electronic transition 

states in the bandgap of the material, which allows recombination of the excited electrons via 

these transition states, and thereby alters the recombination dynamics. As a result, the 

photoluminescence characteristics of the material changes/shifts to longer wavelengths. 

Intentional doping of lanthanide and transition metals to Qdots have been reported to have 

improved carrier lifetime, achieved desired Stokes shift as well as introduced paramagnetic 

properties to the host Qdot. For instance, doping Mn ions to wide bandgap II-VI compounds 

such as ZnS and ZnSe, creates energy levels between the bandgap of the host.19, 20 Photoexcited 

electrons move from valance band to the conduction band of the host Qdot, which upon 

relaxation are transferred to the 4T1 transition state of the Mn ion and finally decays radiatively 

to 6A1 state exhibiting bright orange emission.20  On a similar note, doping Cu ions to ZnS/ 

ZnSe exhibits cyan or bright green photoluminescence, in contrast to the blue emission of the 

host.21  

Surface Modifications 

The surface of the nanostructured materials is reactive due to the presence of interfacial 

uncoordinated dangling bonds. These unsaturated dangling bonds could effectively become 

carrier traps, which would result in non-radiative carrier combination. Non-radiative carrier- 

recombination reduces the quantum yield of a semiconductor thus would reduce its application 

potential. Recent literature suggests that, there are many surface passivation strategies, that 

have been proven beneficial in improving phtoluminescence characteristics. Among them, 

shell passivation, ligand modifications with organic and inorganic ligands and complexation 

reaction at the Qdot surface are prominent; they help to incorporate desired characteristics to 

the Qdot surface in addition to surface passivation. 

1.3.3 Functionalization of Qdots 

Ligand exchange strategies at the Qdot surface has the ability to introduce functional properties 

to the Qdot, such as solubility,22 improve quantum yield, introduce chiroptical property,23 pH 
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sensitivity, improve conductivity due to interdot coupling,24 reduce trap state density,25 and 

enhance charge storage capability26. For instance, a colorimetric pH sensor based on 

fluorescent Qdots, graphene oxide sheets and organic linker molecules was demonstrated, 

where pH responsive linker molecules poly(acrylic acid) (PAA) and poly(2-vinylpyridine) 

(P2VP) are reported to tune the efficiencies of Förster resonance energy transfer from 

fluorescent Qdot to GO, as a result of which photoluminescence of Qdots are tuned.27 

1.3.4 Surface Complexation Reactions 

Surface complexation on the surface of a Qdot is a newly designed surface modification 

strategy, where, superior optical and thermal properties were formulated. Surface complexation 

involves, interaction of an organic ligand at the Qdot surface, that forms inorganic complexes 

with the chemically reactive surface cations. This leads to the generation of another fluorescent 

moiety at the generally fluorescent Qdot surface (we term it here as quantum dot complex 

(QDC)). This type of surface complexation reaction favours incorporation of fluorescent 

properties of two moieties into a single component without compromising its size and 

crystallinity.  

Figure 1.4. (a) Schematic showing salient features and applications of quantum dot complex 

(QDC). (Reprinted with permission from reference 29. Copywrite 2019 American Chemical 

Society). (b) Luminescent QDC and gold nanocluster embedded in protein for white light 

luminescence. (Reprinted with permission from reference 31. Copywrite 2016 American 

Chemical Society). 

As for example, complexation of 8-hydroxyquinoline with ZnS Qdot led to the formation of 

zincquinolate complex (ZnQ2) at the Qdot surface, by interacting with the Zn2+ dangling bonds 

of the Qdot. This resulted in the formation of green emitting surface complex moiety. ZnS Qdot 

TH-2992_166153002



  Chapter 1 

8 

 

with attached ZnQ2 exhibited higher photoluminescence yield, longer carrier lifetime, and 

better thermal stability compared to as-synthesised ZnS Qdot.28 Salient features and significant 

achievements in complexation reaction mechanisms are presented in Figure 1.4a.29 Notably, 

such a QDC has been used as a reversible pH sensor where ratiometric change in the 

luminescence profile was calibrated with the change in pH ranging from 6.5 to 10.3.30 In 

another report, nanocomposites of QDC and gold nanocluster embedded in protein have shown 

overall white light emission that were biocompatible in nature (Figure 1.4b).31  

1.4 Semiconductor Device Fabrication 

Top-down approach: 

  Mechanical exfoliation: It is a top down approach and usually is adopted to exfoliate 

two-dimensional sheets from bulk material. A small quantity of bulk material is adhered to 

adhesive tapes and are repeatedly peeled off with another adhesive tape and finally transferred 

to the device substrate. This process is cost effective and easy to process but the throughput 

remains inefficient due non-uniformity in the film formation. 

Chemical exfoliation: In this method of exfoliation, the bulk material is dispersed in 

organic solvents such as N-methylpyrrolidine (NMP) or isopropyl alcohol (IPA) and are 

ultrasonicated usually for a long duration and the resultant is centrifuged to obtain the desired 

nanocrystals. To speed up the exfoliation process, sometimes metal ions are intercalated during 

ultasonication process. The nanocrystal dispersion is then drop-cast or sprayed over the 

substrate.     

Physical and chemical vapour deposition- Physical vapour deposition (PVD) 

techniques such as RF sputtering, pulsed laser deposition, molecular beam epitaxy, thermal and 

electron beam evaporation are used to obtain wafer scale uniformity and thickness 

controllability. However, these processes require high end instrumentations and the targets 

used are not cost effective. The films produced through PVD suffer from high defect 

concentration and results in non-stoichiometric films with high resistivity. On the other hand, 

chemical vapour deposition methods facilitate defect free large area growth. However, high 

temperature and high pressure conditions are notable limitations in this approach as well.    

Bottom-up approach: It is a highly efficient and controlled synthetic route to develop 

functional nanostructure and also enables controlled organization of nanostructures, such as 

nanoclusters, freestanding monolayers, cross-linked nanoparticles etc.  Bottom-up approach is 
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highly promising in terms of attaining homogeneous compositions, less defects and no damage 

to the crystallographic orientations. Most extensively used process to obtain the desired 

thickness of nanomaterial thin films is through spin coating, where the colloidal dispersion is 

cast over the substrate and is spun at a specific speed and time. Spray pyrolysis, blade coating, 

dip-coating are some other techniques, which are popularly used for thin film formation. 

1.5 Thin Film Transistors 

A typical transistor is a three terminal device, where current flows from the source electrode 

(terminal 1) to the drain electrode (terminal 2) through a thin semiconducting layer, which is 

controlled by voltage at the gate electrode (terminal 3). A schematic representation of a thin 

film transistor is shown in Figure 1.5a. The semiconducting transport layer is separated from 

the gate electrode by a gate dielectric layer. This dielectric layer can be made of inorganic 

insulator such as SiO2, Al2O3, or insulating polymer such as poly(methyl 

methacrylate)(PMMA) or poly(4-vinylphenol) (PVP) depending on the transistor structure. 

The source and the drain terminals are generally fabricated using metals such as Au, Ag, Pt etc. 

The fundamental operation regimes of a thin film transistor at different biasing conditions are 

illustrated in Figure 1.5b, c and d. In the figure, Vg and Vd correspond to gate to source voltage 

and drain to source voltage, respectively, where the source terminal is normally grounded.   

Condition 1: At Vg=Vth, Vs=0V, Vd<Vg-Vth: At positive gate bias voltage, negatively charged 

electrons will accumulate at the semiconductor/gate dielectric interface when no potential is 

applied across the source and the drain terminals. Whereas, when negative potential is applied 

at the gate terminal, holes (positive charges) will get accumulated at the interface. At this 

condition, the carrier concentration remains uniform throughout the channel. However, all the 

accumulated charges are not mobile and some charges get trapped in the deep trap states. So, 

a voltage higher than threshold voltage (Vth) is required at the gate terminal for charge 

accumulation. The threshold voltage of a transistor is determined by the dielectric used and 

built-in-dipoles, interfacial traps and impurities. When Vd < Vg-Vth a linear gradient of charge 

density is established from source to drain and the current flowing through the channel is 

directly proportional to the drain voltage (Figure 1.5b) and this regime of operation is termed 

as linear region. Considering gradual channel approximations, current flowing through the 

channel in the linear regime can be written as- 

𝐼𝑑 =
𝑊

𝐿
µ𝑙𝑖𝑛𝑒𝑎𝑟𝐶𝑖(𝑉𝑔 − 𝑉𝑡ℎ)𝑉𝑑𝑠   1.2 
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Differentiating the above equation, with respect to Vg, the carrier mobility in the linear regime 

can be obtained as – 

𝜇𝑙𝑖𝑛 =
𝛿𝐼𝑑𝑠

𝛿𝑉𝑔
.

𝐿

𝑊𝐶𝑖𝑉𝑑𝑠
     1.3 

Figure 1.5. Schematic representation of thin film transistors at different operating conditions. 

 

Condition 2: Vg=Vth, Vd= Vg-Vth: When Vd =Vg-Vth, the channel is pinched off and a depletion 

region is formed near the drain end (Figure 1.5c).  

Condition 3: Vg=Vth, Vd> Vg-Vth: On further increasing the voltage, from the pinch off region, 

the drain current saturates and no substantial increase in the drain current could be observed 

(Figure 1.5d).32 The saturation current and carrier mobility at saturation can be expressed as 

equations 1.4, 1.5 respectively. 

   𝐼𝑑(𝑠𝑎𝑡) =
𝑊

2𝐿
µ𝑠𝑎𝑡𝐶𝑖(𝑉𝑔 − 𝑉𝑡ℎ)2    1.4 

   𝜇𝑠𝑎𝑡 =
𝛿𝐼𝑑𝑠(𝑠𝑎𝑡)

𝛿𝑉𝑔
.

𝐿

𝑊𝐶𝑖(𝑉𝑔−𝑉𝑡ℎ)
     1.5 
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The switching characteristics of a transistor is determined by the ratio of drain current in ON 

state and the OFF state (Ion/Ioff) and a high value is desired for efficient performance. The ON 

state drain current is determined by the carrier mobility within the semiconductor and the 

dielectric capacitance, whereas the gate leakage current determines the OFF state current.32 

Thin film transistors are fabricated in different architectures namely, top contact/bottom gate 

(TC/TG), bottom contact/bottom gate (BC/BG) and bottom contact/top gate (BC/TG). 

Lithographic techniques and shadow masks are used to deposit the electrodes/metal contacts 

of the transistor. The polarity of the accumulated charges at the channel describes the type of 

the transistor, which can be influenced and altered by impurity doping or through ligand 

interaction with the channel material. For instance, ambipolar nature of PbS Qdot thin film 

transistor is modulated to n-type by doping n-type benzyl viologen molecules with the help of 

crosslinking ligands, such as 3MPA, TBAI and MAI.33 In another report, post-synthetic 

treatment of CdSe Qdots with halide compounds (InX, X=Cl, Br, I) have exhibited effective n-

type doping and surface passivation and high carrier mobility and Ion/Ioff ratio were obtained 

due to effective electronic coupling between the Qdots.34 Moreover, stoichiometrically 

controlled S-rich PbS Qdots based FET was demonstrated, which showed a strong hole 

transport characteristics and their potential towards optoelectronic devices was illustrated.35  

Figure 1.6. (a) Schematic representation of Qdot LEFET. (Reprinted with permission from 

reference 38. Copywrite 2018 ACS). (b) Schematic representation of multi-layered vertical 

LEFET. (Reprinted with permission from reference 39. Copywrite 2018 American Chemical 

Society). 

In optoelectronics, light emission and electronic switching are two key functions, which are 

performed separately by light emitting diodes and transistors, respectively. If these two 

functions could be performed by a single device, it would not only give us an easy approach 

for miniaturization and high density integration, but also would reduce the cost of production 
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and power consumption. In this regard, light emitting field effect transistors (LEFET) have 

caught significant interest, which is an intelligent approach of embedding switching operation 

and light emission in a single device. These bi-functional feature of LEFET make them 

interesting for high density integration of devices in next generation electronics.36 As for 

example, PbS Qdots have been used as an active emissive material, where ionic gel electrolyte 

gate was employed to increase the current density and hence improved external quantum 

efficiency.37  

In another report, solid gated LEFET from PbS Qdots treated with tetrabutylammonium iodide 

(TBAI) was fabricated, where state of the art near infrared emission was obtained (Figure 

1.6a).38 One of the prerequisites for LEFETs to function is to have ambipolar transport 

characteristics since light emission involves recombination of electrons and holes. Therefore, 

it is necessary to choose a channel material that supports transport of both type of carriers. In 

addition to this, the channel material should also be an efficient emitter.36 A hybrid Qdot 

LEFET was demonstrated recently, where high luminescent Qdots and solution processed 

scandium-indium oxide (Sc:In2O3) semiconductor were vertically aligned and a bright 

electroluminescence was observed.39 Here, To equilibrate the electron and hole concentrations, 

the Sc:In2O3 layer was employed as the electron transport layer (Figure 1.6b). 

1.6 Photodetectors 

Photodetectors, which translate optical energy to electrical signals are used as key components 

in a range of multifunctional technologies. Owing to the versatility, they are dedicatedly used 

in smart technologies, night vision systems, defence security and optical communications. 

Photoconductivity involves three successive processes, namely generation of excitons (electron 

hole pairs) due to absorption of incident photon, separation of the charge carriers to the excited 

state (conduction band) and transport of these carriers to external electrodes. The efficiency of 

a detector is dependent on several key parameters, such as, absorption coefficient of the active 

material, carrier trapping and recombination dynamics. With the advancement of nanoscale 

devices, these criteria could precisely be controlled, which not only led to improved device 

performance but also met the demands of achieving narrow and specific detection bands, fast 

response rate, wider detection range and compatibility with flexible device. As for example, 

ZnO, MgZnO, GaN, Ga2O3, ZnS nanocrystals are promising photoactive material for solar 

blind ultraviolet detection owing to their wide band gap.40-42 On the contrary, narrow bandgap 

Qdots such as PbS, PbSe are suitable for infrared detection.40, 43 Two-dimensional transition 
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metal dichalcogenides (2-D TMD), such as MoS2, BP and WS2, having outstanding carrier 

transport capabilities and strong light- matter interactions, are considered promising 

alternatives for entire visible as well as some NIR range detection.40 In comparison to single 

component detectors, hybrid structures comprising of TMD and photosensitive Qdot exhibit 

better figure of merit characteristics, such as enhanced photoresponsivity and faster transients. 

In heterostructured devices, the band levels of TMD and Qdot are aligned in such a way that,  

p-n heterojunctions, or Schottky junctions develop at the TMD/semiconductor interface, which 

facilitates charge transfer to improve detector performance.40  A recent report demonstrated 

vertically grown MoS2 nanosheets and p-GaN nanorod heterostructure that exhibited broad 

spectral detection with promising optical gain in the visible band.44 Thus, numerous 

permutations of band alignments possible with the integration of 2D, 1D and 0D nanostructures 

provide us with potential directions to design and construct novel and commercially viable next 

generation photodetectors. 

1.6.1 Self-Powered Photodetectors 

With the growing demands for portable electronic devices, energy consumption by the devices 

is the main concern and thus the focus is drawn significantly towards low power or no power 

systems. Uninterrupted functioning of devices in critical environments demands continuous 

supply of power and thus increases cost of operation and system complexity. Therefore, self-

powered devices are the solution to low cost, light weight, pollution free, renewable and 

sustainable energy sources. In this regard, self-powered detectors have become the research 

hotspot for zero-powered miniature and flexible technology.  

The carrier generation and fundamental charge transfer mechanisms in photodetectors are 

predominantly determined by the band alignments. In order to expand detection range, and to 

enhance the responsivity and the response time, various types of heterojunctions, p-n junctions, 

p-i-n junctions, organic/inorganic junctions and Schottky junctions are realised.  
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Figure 1.7. Schematic representation of band alignments of zero, narrow, mid and wide 

bandgap materials with two dimensional MoS2 layer. (Reprinted with permission from 

reference 40. Copywrite 2021 John Wiley and Sons). 

In comparison to individual photoactive material, hetero-structured designs create built-in 

electric field due to alignments of individual fermi levels. The difference in the fermi levels 

enhances the carrier transport and thus increases the photocurrent efficiency at zero bias 

condition. Two dimensional thin films are brought into hetero-structured photodetector designs 

with zero bandgap (eg. graphene), narrow bandgap (e.g., PbS Qdots, black phosphorous), mid 

bandgap (eg. MoTe2) and wide bandgap (eg. ZnS, β-Ga2O3, GaN) materials to address the 

photodetection from UV region to IR region.40 A representative schematic of band alignments 

of materials having different band gaps are shown in Figure 1.7.  

1.7 Tactile Sensors  

As the world advances towards the era of artificial intelligence and internet of things, wearable 

devices have caught global attention and have largely been accepted as physical assistive 

devices that can produce user interactive information. Such wearable sensors are used as health 

monitoring unit, artificial skin for robotic interfaces, motion sensors, voice recognition systems 

etc.45-49 In this perspective, tactile sensors that can transduce mechanical deformations and 

physical stimuli to electrical signals, have laid new roadmaps towards diverse applicability as 

heart rate and breathing sequence monitors, gesture recognition systems, self-powered 

nanogenerators and pressure sensors, to name a few.50-52 These sensors can detect external 
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stimuli such as torsion, bending, friction, vibration, pressure and transform these into analog 

electrical output allowing precise and effective measure of the stimuli.  

Figure 1.8. Examples of (a) nanostructured spines (Reprinted with permission from reference 

54. Copywrite 2018 Nature Communications),  (b) nanoporous and microridge structures  

(Reprinted with permission from reference 55. Copywrite 2018 American Chemical Society) 

and (c) lithographically patterned microstructures (Reprinted with permission from reference 

56. Copywrite 2012 American Chemical Society) embodied in tactile sensors. (d) Tribo-

electric effect based tactile sensor (Reprinted with permission from reference 55. Copywrite 

2018 American Chemical Society), (e) multi-stimuli sensing platforms (Reprinted with 

permission from reference 45. Copywrite 2021 American Chemical Society), advanced 

interfaces such as (f) prosthetic hand (Reprinted with permission from reference 49. Copywrite 

2020 John Wiley and Sons) and  (g) gesture recognition systems (Reprinted with permission 

from reference 52. Copywrite 2022 John Wiley and Sons). 

 

The tactile sensors are established upon piezoelectric, piezoresistive, piezocapacitive and 

triboelectic transduction mechanisms.53 Surface topography and structural modifications play 

a crucial role in boosting such responses. Bio inspired nanostructured spines (Figure 1.8a),54 

nanoporous and microridge structures (Figure 1.8b),55 lithographically patterned 

microstructures (Figure 1.8c)56 are often embodied to increase surface roughness in order to 

increase contact area that plays a vital role in enhancing the efficiency. Such integrations are 
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used as tactile sensors and multi-stimuli sensing platforms for monitoring human physiological 

conditions (Figure 1.8d-e).45, 55 Tactile sensors are also used in advanced electronic interfaces 

such as in prosthetic hands and robotic interfaces as gesture recognition systems (Figure 1.8f-

g).49, 52  

1.7.1 Piezoelectric Tactile Sensors  

Piezoelectric tactile sensors produce a quantitative measure of the external mechanical 

deformations in terms of change in piezoelectric potential. The piezoelectric effect originates 

from the displacement of the centres of cations and anions in non-centrosymmetric materials 

such as lead zirconate titanate (PZT),57 gallium nitride (GaN)58 or from the change in the 

direction of permanent dipole moment inside polymers like polyvinylidene fluoride (PVDF).59 

Polymer nanocomposits with nanoparticles are proven to be efficacious building blocks in 

designing such sensors. PVDF being a semi-crystalline polymer, exhibits excellent 

piezoelectric characteristics and has been extensively used with BaTiO3, CNT and 

trifluoroethylene (TrFE) composites as piezoelectric sensors, voice recognition systems, 

ultrasound imaging and nanogenerators.60-64  

1.7.2 Piezoresistive Tactile Sensors 

Piezoresistive tactile sensors translate mechanical deformations into change in device 

resistance, that primarily rely on two major processes described by 

R=ρL/A       1.6  

Where, ρ corresponds to the resistivity of the material and L corresponds to the length and A 

corresponds to the cross-sectional area of the sensor. The change in resistance of the device is 

dictated by the change in resistor geometry (L and A), where L increases and A decreases as a 

result of the Poisson effect when the resistor is stretched.65 The second process is based on a 

change in the material's resistivity, which can be altered by changes in the system's energy band 

structure, quantum tunnelling, or percolation dynamics.53  

1.7.3 Piezocapacitive Tactile Sensors    

Piezocapacitive tactile sensors translate mechanical deformations into change in capacitance 

of the dielectric layer sandwiched between two parallel plate electrodes. For a parallel plate 

capacitor, capacitance C is represented by the following equation.  
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  𝐶 =
𝜀𝑟𝜀0𝐴

𝑑
       1.7 

Where, εr corresponds to relative permittivity of the dielectric material, ε0 corresponds to 

permittivity of free space, A is the overlapping area between the electrodes and d is the distance 

between the electrodes. Changes in A contribute to the measurement of strain and shear forces 

whereas, changes in d estimate the forces in the perpendicular direction such as pressure.66 

Furthermore, incorporating nanostructures67 and patterned microstructures68 modulate εr 

targeted towards improving sensitivity and response time. Such sensors exhibit state of the art 

frequency responses and are responsive over a large dynamic range.  

Figure 1.9. Working mechanism of triboelectric sensor. 

 

1.7.4 Triboelectric Tactile Sensors 

Triboelectric sensors convert mechanical energy to electrical energy, where triboelectric 

potentials are generated between two materials in contact by the conjunction of contact 

electrification and electrostatic induction. Difference in the triboelectric potential between two 

materials causes transfer of charges between them when in contact and induces opposite 

charges on the other side of the surfaces. When the surfaces are separated, the compensating 

charges accumulate that results in a current flow across the electrodes until an equilibrium is 

attained (Figure 1.9). Triboelectric sensors are designed upon flexible and stretchable 

polymers such as polytetrafluoroethylene,69 nylon,70 PDMS71 and polyimide nanofibers 
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membrane72. Nanomaterial composites and hybrid approaches introduce compelling features 

including broad range of material choice, biocompatibility, improved performance, wide 

detection range, multimode operation, multifunctional applicability etc.73-77 Triboelectric 

nanogenerators were introduced in 2012 by Wang and group with the goal of harvesting 

mechanical energy to electricity. With this revolutionary idea, comprehensive studies have 

been carried out to generate electricity from mechanical deformations, wind energy, wave 

energy, physical activities like walking and running and are also proven to be promising 

towards smart sports facilities and self-powered wearable gadgets.78-80  

In spite of excellent developments in the field of intelligent systems, there are still ample room 

for improvements before they are introduced in the marketplace. Each type of tactile sensors 

would have its advantages and disadvantages in terms of fabrication and efficienty and a 

balanced trade-off would make them viable for commercialization. They are susceptible to 

noise, hysteresis, undesired drift and are also sometimes accompanied with pyroelectric effects. 

To mimic human skin and to achieve dexterity in robotic interfaces, transparency, 

biocompatibility, biodegradability, self-healing capability, temperature and humidity are 

important attributes to be considered while designing a tactile sensor. Material compositions 

and their permutations along with structural designs would offer a number of options for 

innovations. Adding multifunctional attributes to a sensor would enhance its on-board 

intelligence that is capable of detecting specific parameters.  
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1.8 Perspectives and Outlook 

Generally white light emissive devices contain optimised sequence of primary colour emitters, 

but such fabrication architectures are complex and results in colour instability. White light 

emission from a single component moiety is always desired to address these issues. With the 

insights from recent developments in surface complexed Qdots and their physical properties, 

there is merit in studying their charge carrier transport properties and engineering solid state 

electronic devices from them. It also provides ample opportunities to study photoexcited carrier 

generation and recombination dynamics due to transition metal ion doping and surface 

complexation reactions in Qdots and to fabricate photodetectors targeting specific detection 

band. Moreover, promising implications of ligand mediated nanoparticle assembly opens up 

wide arena for developing multi-stimuli and multifunctional flexible sensors.     

1.9 Overview of the Current Dissertation  

The focus of this dissertation work is to study the electronic properties of nanocrystals such as 

Qdots and nanoparticles and is targeted towards solid state device fabrication for potential 

applications in field effect transistors, photodetectors and tactile sensors.  

Chapters: 

1. A brief introduction was presented on nanomaterials, Qdots and their functional 

attributes. Different strategies of solid state device fabrication were discussed, where 

special focus was drawn towards applications such as transistors, photodetector and 

tactile sensors.   

2. White light emitting Qdot complexes (QDC) were synthesised through surface 

complexation of Mn2+ doped ZnS Qdot via ligand interaction with 8-hydroxyquinoline 

5 sulphonic acid and the photoluminescence properties were studied. Thin film 

transistors based on these QDCs were fabricated, where, charge transport 

characteristics and temperature dependent carrier hopping characteristics were studied.  

3. Self-powered ultraviolet photodetectors were fabricated based on the above mentioned 

QDC, where a shift in the detection band from UVC in as-synthesised Qdot to UVA in 

surface complexed Qdot was observed. Qdot based UVC detector and QDC based UVA 

detector was integrated with a microcontroller unit and a portable prototype was 

demonstrated, where the responses were calibrated to selectively detect UVA and UVC. 
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Furthermore, the dual emissive property of QDC was utilised as anti-counterfeiting ink 

for data encryption and decryption.  

4. Picolyleamine mediated gold nanoparticle (Au NP) network was synthesised and the 

piezo-resistive characteristics were explored. A multi-stimuli responsive tactile sensor 

was demonstrated, where triboelectric contact electrification between a lithographically 

patterned PDMS layer and the Au NP network enabled the device to respond to 

compressive and tensile strain, identify variable weight, tapping action and vibration. 

Physical activities such as jogging, leg movements and standing from sitting postures 

were recognised. The piezo-phototronic response of the device is another aspect that 

was explored and visible light detection under different bending angles were illustrated.  

5. Finally, conclusions were drawn on the key findings of this dissertation work and 

insights on the future prospects were presented. 
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Chapter 2  

Charge Transport Characteristics of Surface Complexed 

Quantum Dot in a Thin Film Transistor 

 

 

Abstract  

Abstract Ambipolar transport characteristics of thin film transistors fabricated from non-toxic 

white light emitting quantum dot complexes (QDC) are herein reported to exhibit efficient 

carrier mobilities. The QDC are synthesized by forming bluish green emitting zinc quinolate 

complex on the surface of orange emitting Mn2+ doped ZnS quantum dots (Qdots) using 8-

hydroxyquinoline 5-sulphonic acid as the chelating ligand. The device exhibits efficient 

ambipolar transport characteristics with high ION/IOFF ratio of 104 and electron mobility and 

hole mobility of 2.95×10-02 cm2V-1s-1 and 1.06×10-02 cm2V-1s-1, respectively. The Subthreshold 

Slope of QDC-TFT increases from that of Qdot-TFT from 0.35 V.dec-1 to 0.79 V.dec-1 in p-

FET and 0.59 V.dec-1 to 0.97 V.dec-1 in n-FET operations, which annotates an increase in trap 

state density due to surface complexation of the Qdot. Our results suggest that white light 

emitting QDC can be used as an efficient transport as well as an emissive material, which 

would open up new paradigm for advanced optoelectronic applications. 

2.1 Introduction 

Light emitting thin film transistors (LETFT) have emerged as a promising candidate for the 

next generation electronics due to the dual integration of switching capacity of a transistor and 

light emission characteristics of a light emitting diode.1-3 This unique characteristic of LETFT 

enhances its application potential in advanced electronics such as electric pump lasers,4, 5 

display pixels6, 7 and optical communications.8 High carrier mobilities, nature of trap states and 

carrier density are vital parameters for fabricating LETFT.9 For light emitting devices, 

semiconductor material should possess high photoluminescence quantum yield as well as 

excellent carrier mobility and should also facilitate a balanced ambipolar conduction (both 

electron and hole conduction), which is crucial for efficient exciton recombination through 

radiative pathways.5, 10 However, there is always a trade-off between carrier mobility and 
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luminescence in case of organic semiconductors.11 Colloidal semiconductor nanocrystal or 

quantum dots (Qdots) are reported to be excellent light emitters and have exhibited high charge 

transport capability.12-15 

 Importantly, Qdot integrated light emitting transistors are efficient in terms of both 

emissive and switching properties.9, 13 However most of the devices are based on toxic metal 

chalcogenides such as PbS, PbSe and CdSe Qdots.14, 16-18 These heavy metals cause adverse 

oxidative stress in human body.19, 20 The toxic nature of these Qdots puts limitations to their 

practical usability and thus supports the development of environmentally benign ones. The 

principal bottleneck for the fabrication of devices using Qdots is single step deposition of high 

quality and defect free layer. Generally, Qdots capped with insulating long organic chains, 

induce a potential barrier to proficient charge transport and electronic coupling between Qdots 

in thin films and thus restrict their application in the field of electronics.21 To reduce the interdot 

spacing and enhance the electronic coupling between the Qdots, a large number of surface 

modification strategies have been already employed and among them ligand exchange with 

halides,22, 23 pseudohalides,24, 25 chalogenides,26 oxo-anion,27 chalcogenideometallate complex 

and halometallates is popular. It has been established that the nature of the capping ligand 

controls the mobility of carriers and transport characteristics. Typically the type of ligand might 

influence the type of channel - whether n-type, p-type or ambipolar - in field effect 

transistors.23, 28 The ambipolar nature of the transistor is due to near - intrinsic doping of the 

Qdot. Recently, tetrabutylammonium iodide (TBAI)-treated PbS Qdots,13 metal chalcogenide 

complex (Na4Sn2S6·14H2O, Na4Sn2Se6, and KInSe2) capped CdSe Qdots14 and 3-

mercaptopropionic acid (MPA) ligand exchanged PbS Qdots9 have been used in thin film 

transistors to achieve efficient charge transport and high carrier mobilities. However, ligand 

exchange with compact organic or inorganic ligands in Qdots do not always assure high carrier 

mobility and better charge transport in Qdots thin films. On the other hand, the ligand exchange 

may introduce additional trap states and recombination centres within the band gap of Qdots,29 

which may cause multiple trapping and release of carriers, resulting in low carrier mobilities 

in devices,30 lower photoluminescent quantum yield (PLQY) and shift in emission wavelength.  

 In this context, recently introduced surface complexation of Qdots could provide a 

better option for enhancing the electronic coupling between Qdots and increase the electrical 

performance by inducing a conductive network in Qdots. Surface complexation i.e., the 

formation of luminescent inorganic complex(es) on the surface of a metal chalcogenide Qdot 

is a much simpler and cost-effective surface modification approach. It has been used for phase 
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transfer of hydrophobic Qdots, targeted cellular imaging, pH sensing and fabrication of single 

component non-toxic white light emitting nanocomposite.31-33 Recently, white light emitting 

(WLE) Qdots have gained intense interest in the context of replacing the existing WLE solid 

state devices. Pioneering researches in WLE devices have been implemented by multi-layered 

structures of individual primary color (blue, green, red) emitter nanocrystals. White colour 

emitter devices from single nanocrystals however offer numerous advantages over multiple 

emitter devices, such as reduced self-absorption, deviation from the chromaticity colour 

coordinates and non-radiative decay processes.34 Therefore, it will be of substantial 

significance to study the charge transport behaviour, carrier mobility and defect state dynamics 

in white light emitting single component nanomaterials in the perspective of developing light 

emitting transistors.   

 Herein, bluish green emitting zinc quinolate complex has been synthesised on the 

surface of orange emitting Mn2+ doped ZnS Qdot by using 8-hydroxyquinoline-5-sulfonic acid 

(HQS) as chelating agent in order to fabricate a single component white light emitting (WLE) 

QDC. These WLE QDCs were incorporated in a bottom gate/top contact structured thin film 

transistor to study the charge transport characteristics in nano-structured thin films. It was 

found that the Qdot complex integrated thin film transistor (QDC-TFT) exhibited ambipolar 

transport characteristics with hole mobility and electron mobility of 1.06 × 10-02 cm2.V-1.s-1 

and 2.95 × 10-02 cm2.V-1.s-1 respectively and an ION/IOFF ratio of 104. The transport 

characteristics and subthreshold trap states of this device was compared with Mn2+ doped ZnS 

Qdot integrated thin film transistor (Qdot-TFT). The subthreshold slopes increased from 0.35 

V.dec-1 in Qdot-TFT to 0.79 V.dec-1 in QDC-TFT in p-FET operation and 0.59 V.dec-1 to 0.97 

V.dec-1 in n-FET operations, which suggest that additional carrier trap states were created 

because of surface complexation. 

2.2 Materials and Methods 

Materials: 8-Hydroxyquinoline-5-sulfonic acid (HQS, Merck), zinc acetate dihydrate (99%, 

Merck), manganese acetate tetrahydrate (99%, Merck), sodium sulphide (58%, Merck), 

methanol (Merck) and Mili-Q grade water were used for all synthesis and other experiments. 

Synthesis of Mn+2 doped ZnS quantum dots: Water-soluble Mn2+ doped ZnS colloidal 

quantum dots (Qdots) having orange coloured (580 nm) emission were synthesized and 

purified in aqueous medium using a previously reported method.35-38 Typically, a mixture of 1 
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mM solution of manganese acetate tetrahydrate and 5.0 mM solution of zinc acetate dihydrate 

was continuously stirred in aqueous medium at 80 - 90 0C. To this reaction mixture, 5.0 mM 

solution of sodium sulphide was added after 5 min of constant stirring. The reaction mixture 

was kept in reflux condition for 3 h at 120 0C. The colloidal dispersion thus obtained was 

centrifuged at 15000 rpm for 20 min and the resultant pellet was dispersed and sonicated in 50 

mL Mili-Q water. Another cycle of centrifugation and sonication was performed to remove the 

unreacted precursor materials and to obtain a purer form of Mn+2 doped ZnS Qdot pellet. The 

pellet thus obtained after two cycles of centrifugation and redispersion was then dispersed in 

50 mL methanol and the colloidal dispersion was used for further experiments.  

Preparation of ligand solution: To prepare 1 mM HQS solution, a mixture of 6 mL water and 

4 mL methanol was prepared to which 2.24 mg of pure 8-hydroxyquinoline-5 sulphonic acid 

(HQS) was added and the mixture was then ultrasonicated for 5 min. 

Synthesis of quantum dot complex (QDC): For the synthesis of QDC, 3 μL of as prepared 

1.0 mM HQS solution was added sequentially to 3.0 mL of as synthesised Mn+2 doped ZnS 

Qdot dispersion. The photoluminescence spectrum of Qdot was recorded on sequential addition 

of HQS ligand and optimal quantity of HQS ligand required for the formation of white light 

emitting QDC was examined.  The optimum amount of HQS ligand required for the formation 

of QDC was ascertained to be 5.96 µM in 3.0 mL of Qdot dispersion. The resultant colloidal 

dispersion was centrifuged at 15000 rpm for 20 min. The pellet thus obtained was redispersed 

in methanol followed by another round of centrifugation and redispersion to obtain purified 

QDC. UV-Visible spectroscopy, powder X-ray diffraction, transmission electron microscopy, 

were also performed on the QDC to ascertain its formation. 

Fabrication of thin film transistor: A highly doped p-type silicon with 300 nm thick SiO2 

dielectric was used as a substrate for device fabrication. The substrate was ultrasonically 

cleaned successively with acetone, isopropyl alcohol and Mili-Q grade water for 5 min each. 

The substrate was then dried under nitrogen flow followed by ozone treatment for 15 min at 

25 0C to remove organic impurities and to attain a hydrophilic surface. To develop a thin layer 

of Mn2+ doped ZnS Qdot, 10 mg of Qdots was dispersed in 1 mL methanol and it was sonicated 

for 45 min to obtain a homogeneous dispersion. The dispersion was then spin coated on Si/SiO2 

substrate at 1000 rpm for 40 s twice and heat treated at 120 0C for 15 min on a hot plate in 

ambient air condition. Finally, source and drain electrodes were deposited by thermally 

evaporating 99.99% pure aluminium through a shadow mask with a channel width of 3000 μm 
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and channel length of 100 μm. Thermal evaporation was carried out at a deposition rate of 10-

14 Å per second at 6 ×10-6 mbar chamber pressure. Finally, the Qdot-TFT was annealed at 120 

°C in a hot plate for 30 min. In a similar fashion QDC-TFT was fabricated by spin coating well 

dispersed QDC (10 mg/mL) followed by thermal evaporation of electrodes. The thickness of 

the thin film was examined from FESEM images of cross-sectional view of the device.  

2.3 Instruments Used 

Optical Characterization: Jasco V-360 spectrophotometer was used to record the absorption 

spectra of Qdots and QDCs. For observing photoluminescence spectra, Horiba JOBIN YVON 

Fluorolog spectrofluorimeter was used.  

Morphological Characterization: JEOL JEM-2100F transmission electron microscope 

(TEM), operating at maximum acceleration voltage 200 kV, was used to record the 

transmission electron microscopic images, high resolution transmission electron microscope 

(HRTEM) images and selected area electron diffraction (SAED) patterns of the samples.  Phase 

identification of both Qdots and QDCs were obtained from X-ray diffraction measurements, 

which was carried out using Bruker D2 Advance X-ray diffractometer. 

Thickness Measurements: JEOL JSM-7610F field emission scanning electron microscope 

(FESEM) system was used to capture the cross sectional view of transistors to obtain film 

thickness. 

Electrical Characterization: All electrical measurements were performed in darkness at room 

temperature. The thin film transistor characterisations (transfer characteristics curves and 

output curves) were carried out in Keithley 4200A SCS parameter analyser. 

2.4 Materials Characterization 

The Mn2+ doped ZnS Qdots of average size 3.2±0.4 nm were synthesised following an earlier 

reported method,32, 39 details of which are presented in the experimental section. The 

characteristics of the Qdots were established from transmission electron microscopy (TEM), 

powder X-ray diffraction (XRD) patterns, photoluminescence (PL) and UV-visible spectral 

analyses. The UV-vis spectrum of Qdots exhibited characteristic shoulder in 330 nm 

wavelength due to the excitonic absorption of the host ZnS (Figure 2.1a). Mn2+ doped ZnS 

Qdots, when irradiated with light of 330 nm wavelength, a sharp emission peak at 595 nm was 
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observed owing to the transitions from 4T1 excited state of Mn2+ ions to 6A1 state and a 

comparatively weaker peak was observed at 440 nm due to host ZnS32 (Figure 2.1b). These 

Qdots when allowed to react with 8-hydroxyquinoline 5-sulphonic acid (HQS), the ligand 

interacted with the surface cations of the Qdots to form bluish green emitting (λem=480 nm) 

zinc quinolate (Zn(QS)2) complex on the surface. With increase in the concentration of HQS 

ligand gradual increase of emission peak at 480 nm and gradual quenching of 595 nm peak was 

observed (Figure 2.1b).  

Figure 2.1. (a) UV-vis spectra of (i) Mn2+ doped ZnS Qdots and (ii) HQS added Mn2+ doped 

ZnS Qdot., (b) Emission spectra (λex= 330nm) of (i) 00, (ii) 0.99 μM, (iii) 1.99 μM, (iv) 2.99 

μM, (v) 3.98 μM, (vi) 4.97 μM, (vii) 5.96 μM, HQS added to Mn2+doped ZnS Qdot, (c) digital 

photograph and (d) chromaticity color coordinates in CIE Diagram of (i) Mn2+ doped ZnS 

Qdots and (ii) HQS added Mn2+ doped ZnS Qdot. 

The optimum amount of HQS ligand required for the formation of QDC was ascertained 

to be 5.96 µM in 3.0 mL of Qdot dispersion. The combined emission of the complex and the 

Qdot resulted in the appearance of white light emission when excited with UV light. This 

complex conjugated Qdot was termed as QDC. The digital photographs of Qdot and QDC are 

shown in Figure 2.1c. It is to be mentioned here that the optimum concentration of HQS ligand 

was chosen based on the white light parameters (CIE, CRI and CCT values) to achieve near to 
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perfect white light emission from QDC. The WLE QDC exhibited the CIE coordinates, CRI 

and CCT values as (0.34, 0.33), 78 and 5220 K, respectively (Figure 2.1d, Figure A2.1 and 

Table A1, Appendix A), which signifies the bright cool white light emitting nature of the 

synthesized QDC. The PL emission spectrum of QDC demonstrated two emission bands 

centred at 480 nm and 595 nm at an excitation wavelength of 330 nm. The emission peak at 

480 nm is attributed to the electronic transitions between the HOMO- LUMO levels of the 

Zn(QS)2 complex formed on the surface of Mn2+ doped ZnS Qdots.  

Figure 2.2. (a) TEM images (scale bar = 20 nm), (b) corresponding particle size distribution, 

(c) HRTEM image (scale bar = 5 nm) (inset: IFFT image of corresponding marked area) with 

lattice fringe spacing 0.3 nm and (d) SAED pattern of the as - synthesized Mn2+ doped ZnS 

Qdot. 

In addition to the absorption band edge at 330 nm, appearance of an absorption peak at 365 nm 

confirmed the formation of Zn(QS)2 complex on the surface Qdot (Figure 2.1a). Further, Qdot 

and QDC exhibited excitation peaks at 330 and 365 nm for their corresponding emission 

maxima at 595 nm and 480 nm respectively (Figure A2.2, Appendix A). This observation also 

supported the formation of Zn(QS)2 complex on the surface of Qdot. The measurements of 

photoluminescence quantum yields (PLQY) was calculated using the equation represented in 

Eq A1 and it revealed that Qdot and QDC exhibited almost 1.2% PLQY (Eq A2.1, Appendix 

A). In addition, formation of Mn2+ doped ZnS Qdots having average particle size of 3.2 ± 0.4 
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nm could also be elucidated from the TEM analysis (Figure 2.2a, b). The high resolution 

transmission electron microscopy (HRTEM) analysis suggested the crystallinity of the Qdot 

core and 0.3 nm lattice fringe spacing of (111) crystal planes of cubic ZnS.32 was confirmed 

from the selected area electron diffraction (SAED) patterns of Qdots (Figure 2.2c, d). 

Characteristic peaks at 2θ value of 28.30°, 47.40° and 56.40° due to (111), (220) and (311) 

lattice planes of cubic ZnS was observed in the powder XRD analysis (Figure 2.3).32 No 

change in morphology or the crystallinity of the Qdots was observed after formation of surface 

complexes (Figure 2.3, Figure A2.3. Appendix A)  

 

 

 

 

 

 

Figure 2.3. Powder X-ray diffraction patterns of (i) Mn2+ doped ZnS Qdot and (ii) HQS surface 

complexed Mn2+ doped ZnS Qdot (i.e., QDC). (characteristic peaks were observed at 2θ value 

28.30º, 47.40º and 56.40º) 
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2.5 Thin Film Transistor Characteristics 

Figure 2.4. (a) Schematic representation of fabrication of thin film transistor. (b) Digital 

photograph of a thin film transistor. FESEM image of cross-sectional view of (c) QDC-TFT 

(thickness 46.9 nm) and (d) Qdot-TFT (thickness 50.9 nm). 

To explore the charge transport characteristics of Mn2+ doped ZnS Qdots and WLE Mn2+ doped 

ZnS QDC, they were incorporated in a bottom gate/top contact thin film transistor (TFT) design 

as per the schematic shown in Figure 2.4a, b, details of which are presented in experimental 

section. Briefly, 10 mg/mL of colloidal dispersion of WLE QDC was spin coated onto Si/SiO2 

substrates at a speed of 1000 rpm for 40 s twice to obtain meaningful electrical output and the 

second round of deposition improved the quality of the output. A ~46 nm thick layer of QDC 

was deposited onto the substrates, which was confirmed from the field emission scanning 

electron microscope (FESEM) image of cross-sectional view of the device (Figure 2.4c). 

Interdigitated electrodes were deposited by thermal evaporation of aluminium through a 

shadow mask for source and drain contacts. To extract the transfer characteristic curves (drain 

current (Id) vs gate voltage (Vg)) the device was biased in both p-FET and n-FET biasing 

conditions at drain voltage 5V and -5 V, respectively (Figure 2.5a, b). The “V” shaped nature 

in the linear region of the transfer characteristic curves illustrated ambipolar charge transport 

behaviour in QDC-TFT, which means both electrons and holes can contribute to the conduction 

based on the biasing conditions. The type of charge transport can be interpreted from the slope 
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𝜕𝐼𝑑/𝜕𝑉𝑔 of the linear region of the transfer characteristic curve. The transfer characteristic 

curves of QDC-TFT indicated a relatively symmetric ambipolar conduction with an ION/IOFF 

ratio of ~104 and threshold voltage, Vth(n) of 5.09 V and Vth(p) of -3.6 V in n-FET and p-FET 

operations, respectively. 

Figure 2.5. Transfer characteristics of (i) Mn2+ doped ZnS Qdots and (ii) HQS complexed 

Mn2+ doped ZnS Qdots when operated as (a) p-FET (Vd=-5V) and (b) n-FET (Vd=+5V). 

Comparison of leakage current to drain current (c1) Qdot-TFT (p-FET) and (c2) QDC-TFT (p-

FET), (d1) Qdot-TFT (n-FET) and (d2) QDC-TFT (n-FET). 

ION/IOFF ratios of these devices are significant enough for constructing high performance 

ambipolar transistors. The n-FET, p-FET or ambipolar transport in Qdot thin films is 

considerably dependent on stoichiometry of Qdot, synthesis conditions and nature of capping 

ligands.28, 40 Further, systematic investigation on the transport properties of Mn2+ doped ZnS 

Qdots without surface complexation was also carried out to compare with that of surface 

complexed Qdots. Approximately, 50 nm thick layer (obtained from the FESEM image of the 
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cross- sectional view of the device, Figure 2.4d) of orange light emitting Qdots was used as 

the active material for fabricating Qdot thin film transistor (Qdot-TFT) device. Qdot-TFT 

exhibited ambipolar carrier transport characteristics (Figure 2.5a, b) with an ION/IOFF ratio of 

105 in both n-channel and p-channel operations at drain voltage +5V and -5V, respectively. 

Linear gate voltage (Vg) vs logarithmic and square root of drain current (Id) of Qdot –TFT and 

QDC-TFT are shown in Figure A2.4, Appendix A. An asymmetric “V” shape in the linear 

region of the transfer characteristic curve was observed, which may be attributed to unequal 

electron and hole transport in Qdot thin films.  

 Structural parameters such as contact area and gate dielectric layer on the gate leakage 

current are key determinants in the performance of TFTs. Unidirectional gate current outflows 

from gate terminal to source/drain terminal because of the tunnelling of charge carriers at 

higher gate voltages, as it induces strong vertical electric field across the thin dielectric layer.41 

The interference of this current at drain terminal deteriorate the device performance. A 

comparison of leakage current to drain current for both Qdot-TFT and QDC-TFT were 

established (Figure 2.5c1-d2) to ensure that the SiO2 gate dielectric blocks the tunnelling of 

electrical charge carriers between gate electrode and the top contacts. Gate leakage current in 

the range of 1nA was observed and the same is anticipated to arise because of larger source 

drain electrode pads of the thin film transistors. On the other hand, the measured drain currents 

were high enough in comparison to gate leakage currents to investigate the device 

performances. 

The output characteristic curves of Qdot-TFT with Vth(p) -2.15 V and Vth(n) 5.12 V show 

p-channel characteristics superior (higher drain current, Id) to that of n-channel characteristics 

(Figure 2.6 a1, b1). Zinc sulphide, being a II-VI compound semiconductor and having direct 

and wide band gap of 3.6 eV, facilitates both n-type and p-type doping. The type of doping is 

described to arise either due to donation of free electrons to host system or due to substitutional 

doping at Zn2+ defect sites. In p-doped ZnS, the dopant atoms occupy the Zn2+ substitutional 

sites that are proposed to promote hole transport.42 Such kinds of p-type conductivity are also 

known to occur in Mn2+ doped ZnO, As and Sb doped ZnS and ZnSe.43-45  In Mn2+ doped ZnS 

Qdots, Mn2+ ions occupy the Zn2+ lattice cites and S2- ions tetrahedrally coordinate the Mn2+ 

ion. Therefore, a p-type doping can be anticipated in Mn2+ doped ZnS, which – in the current 

case – would result in a superior p-channel device than n-channel device. 
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Figure 2.6. Output characteristic curve in (a1) p-channel Qdot-TFT, (a2) p-channel QDC-TFT, 

(b1) n-channel Qdot-TFT and (b2) n-channel QDC-TFT. 

However, a reduction in the drain current was observed in p-channel QDC-TFT, which may be 

attributed to the complexation of HQS ligands on the surface of Qdots. However, the drain 

current in n-channel transport of QDC-TFT did not change significantly (Figure A2.6 a2, b2). 

It has already been established that polyquinolines and polyquinoline copolymers, metal 

chilates containing quinolone moiety such as AlQ3, InQ3 and ZnQ2 (which are used in a 

plethora of OLED applications) act as superior electron injection and transport materials.46-48 

ZnQ2 is better known for its electron injection and electron transport because of stronger π-π 

overlap between the ligands and the extended electronic states in its tetrameric form.46-48 So 

similar transport characteristics can be expected when HQS is allowed to react with the surface 

cation of Qdot, to form Zn(QS)2 complex on the surface of Qdot, It has been already reported 

that, interligand distance of 3.37 Å among 8-hydroxyquinoline (HQ) ligands in ZnQ2 give rise 

to a strong pi-pi interaction, making them notable candidates for electron transport material 

with efficient electron mobilities.46-48 On the other hand, the inter QDC spacing would depend 

on the geometry of the complex on the surface. Our earlier observations indicated the formation 

of an octahedral complex,31-33, 47 which would make the inter particle separation shorter in 

comparison to other arrangements of ligand attachment on the surface. Hence, we anticipate 
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that the reduction in hole mobility and relatively better electron transport in QDC-TFT is 

because of attachment of HQS ligand to the surface of Qdot in a geometry similar to 8-

hydroxyquinoline (HQ) i.e., octahedral.49-51 The ambipolar nature in the output curves of both 

the devices can be observed clearly in Figure A2.5, Appendix A. 

 To get a better insight into the charge transports in Qdots and QDCs in solid state, field 

effect carrier mobilities in linear region were calculated from the transfer characteristic curves 

of the operating TFT, using gradual channel approximations. The following equation was used 

to calculate the linear electron mobility and linear hole mobility.  

µ𝑙𝑖𝑛𝑒𝑎𝑟 = (
𝜕𝐼𝑑

𝜕𝑉𝑔
) . 𝐿

𝑊𝐶𝑖𝑉𝑑
⁄        2.1 

Where 𝜇𝑙𝑖𝑛𝑒𝑎𝑟 is the linear mobility of charge carrier, L is the channel length, W is the channel 

width, Ci is the parallel plate dielectric capacitance of SiO2 layer per unit area (10 nF.cm-2 for 

300 nm SiO2), Vd is the applied drain voltage, Id is the linear drain current and Vg is the applied 

gate voltage. Using these values, the Qdot-TFT was characterised with hole mobility (μp) of 

4.89×10-01 cm2V-1s-1 and electron mobility (μn) of 5.20×10-02 cm2V-1s-1. A higher mobility of 

holes in Qdot-TFT supported the observed larger drain current in p-FET operational mode of 

the same device. The μn and μp of QDC-TFT were found to be 2.95×10-02 cm2V-1s-1 and 

1.06×10-02 cm2V-1s-1 respectively (Figure A2.6, Appendix A). These values of mobilities are 

comparable with previously reported Qdot based devices. A comparative review study on 

different Qdot based thin film transistors are tabulated in Table A2 (Appendix A). Reduced 

carrier mobilities in QDC-TFT may be attributed to the surface disorders and increased carrier 

trap states in QDC thin films.   

 Ligand exchange prototypes to improve inter dot packing and mobility in Qdot thin 

films do not always ensure high mobility. On the other hand, they may introduce carrier trap 

states in nanocrystal thin films. Strategies to map trap state densities in thin films are highly 

desired in order to improve optoelectronic device performances. The subthreshold slope of 

transfer characteristic curve, demarcated by Vth of the device, provide crucial information about 

shallow trap states within the band gap of Qdot. In the subthreshold regime (pre-conductive 

regime), log(Id) increases sharply with linear increase in Vg. Subthreshold slope of a thin film 

transistor indicates how much the gate voltage has to be increased to obtain a 10-fold increase 

in the drain current. For mapping of electronic trap states, both Qdot and QDC devices were 

analysed in the subthreshold region. In case of Qdot-TFT, the subthreshold swing was found 
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to be 0.35 V.dec-1 in p-channel operation and 0.59 V.dec-1 in n-channel operation. Additionally, 

the subthreshold slopes of QDC-TFT were found to be 0.79 V.dec-1 and 0.97V.dec-1 in p-FET 

and n-FET operations, respectively (Figure A2.7, Appendix A). This broadening of 

subthreshold regime indicates introduction of additional carrier traps at the band edges of 

surface complexed Qdots. Trap states in colloidal Qdots triggers non-radiative recombination 

and may affect the carrier mobility when in-gap trap states are filled by charge carriers.  

Furthermore, to get a better idea of the thin film device performance, we have estimated trap 

state density (Dit) in the device using subthreshold slope formula (Eq A2.2, Appendix A). The 

trap state densities of Qdot-TFT and QDC-TFT are tabulated in Table A3 (Appendix A). The 

carrier trap state density in Qdot-TFT was 2.97×1011 cm–2.eV–1 and 5.59×1011 cm–2.eV–1 when 

operated in p-FET and n-FET configuration respectively. Increased Dit values of 9.24×1011 cm–

2.eV–1 in p-FET and 9.40×1011 cm–2.eV–1 n-FET operations of QDC-TFT imply that the 

complexation of Mn2+ doped ZnS Qdot surfaces by HQS ligands might have introduced 

additional carrier trap states, which resulted in a broader subthreshold slop and reduced carrier 

mobility. As mentioned before, the HQS formed an inorganic complex on the surface of the 

Qdot with plausible octahedral geometry. This may provide a new species to the QDC where 

the complex acted as a trap state independent of the trap states of the Qdot. 

2.6 Time-Resolved Photoluminescence Spectral Analysis 

To study the excited state lifetimes of the samples, time-resolved photoluminescence spectral 

analyses were carried out. The QDC exhibited average emission life times of 14.73 ns and 8.76 

ns at λem= 480 nm and λex=336 nm (diode source) excitations, in colloidal phase and thin film, 

respectively. The same samples exhibited average lifetimes of 15.02 ns and 8.46 ns in colloidal 

phase and thin film, respectively at λem= 480 nm and λex=375 nm (laser source) excitations. On 

the other hand, at λem= 595 nm and λex=330 nm (pulsed xenon lamp source) excitations, the 

same QDC showed the average emission lifetimes of 1.50 ms in colloidal phase and 1.17 ms 

in thin film, whereas the as synthesized Mn2+ doped ZnS Qdot exhibited average emission 

lifetimes of 1.47 ms (colloidal) and 1.24 ms (thin film) under same experimental conditions 

(λem= 595 nm and λex=330 nm (pulsed xenon lamp source) (Figure 2.7, Table A4, Appendix 

A). The longer emission life time of Mn2+ doped ZnS Qdot arises because of the spin forbidden 

transition between 4T1-
6A1 state in the 3d subshell of Mn2+ dopant.52-54  
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Figure 2.7. Time-resolved photoluminescence spectra of (a) QDC at λex of 375 nm (laser 

source) and λem of 480 nm, (b) QDC at λex of 336 nm (diode source) and λem of 480 nm, (c) 

Mn2+ doped ZnS Qdot, at λex of 330 nm (pulsed xenon lamp) and λem of 595 nm, (d) QDC, at 

λex of 330 nm (pulsed xenon lamp) and λem of 595 nm in (i) colloidal dispersion and (ii) thin 

film. 

This longer emission lifetime (λem = 595 nm) remains nearly unaffected after 

attachment of HQS ligand to the surface of Qdot. This observation is also supported from the 

previously reported results that the emission lifetime of Mn dopant remains the same following 

attachment of thiol ligand to the surface of Mn doped CdS/ZnS nanocrystal.54 On the other 

hand, the shorter emission lifetime (λem = 480 nm) of Zn(QS)2 surface complex matches with 

our earlier reported value, which clearly indicated the formation of complex on the surface of 

Qdots.31, 33, 49 However, the emission of Qdot at 595 nm was quenched significantly after 

formation of Zn(QS)2 complex with no considerable changes in the emission lifetime of Qdot 

at λem = 595 nm. This may be due to the static quenching process occurring between the Qdot 

and surface complex, where Zn(QS)2 complex acts as a quencher to the dopant emission of 

Qdot.32, 49 It is to be mentioned here that, there is an overlapping region between the emission 

spectrum of surface Zn(QS)2  and absorption spectrum of Qdot, which may create the 

possibility of energy transfer between the two species.33, 49 
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2.7 Carrier Hopping Characteristics  

Transport mechanism in Qdots is rather complex and can be explored by their temperature 

dependent transport studies. Carrier Transport in weakly coupled Qdots is established to occur 

through hopping of charge carriers from one site to another (Qdot to Qdot) whereas strongly 

coupled nanocrystal solids exhibit band like transport pattern. To study the transport 

mechanisms in Mn2+ doped Qdot and QDC (Mn2+ doped Qdot, surface complexed with HQS), 

we have extracted the transfer characteristic curves of both the device over the temperature 

range of 77K-357K (Figure 2.8 a, b). The transfer curves of ambipolar nature were obtained 

at a drain bias voltage Vd of 10V. It is observed that, in case of QD-TFT the hole current 

increased with increasing temperature over the entire temperature range. However, no 

significant change in the electron current was observed in the same device. Interestingly, 

regular increase in the electron as well as hole current was observed in case of QDC-TFT.  

Conductance in semiconductor nanocrystals are described by the equation G=G0exp(-T0/T)p, 

where p is dependent on the type of hopping and  T0 is dependent on material properties. The 

above equation can be rewritten as µ=µ0exp(-T0/T)p, where µ is the mobility. In hopping 

transport in semiconductor nanocrystals, a single hoping event can be described by the 

probability function 𝑃~exp (−
2𝑅

𝑎
−

𝜀

𝑘𝑇
), where r is the distance between two hopping states, a 

is the electron or hole localization length, 𝜀 is the energy difference associated with the hopping 

sites and k is the Boltzman constant. From this it can be interpreted that, at higher temperature 

i.e., when 2R/a >> ε/kT, the hoping mechanism is independent of the energy difference between 

the hoping sites and thus carrier hopping occurs between nearest neighbors known as nearest-

neighbor hopping (NNH). This type of hopping exhibits Arrhenius like characteristics (p=1). 

However, at lower temperature the conductance deviates from Arrhenius behavior and hoping 

between sites with equivalent energy is prevalent. Thus hopping distance varies at low 

temperature regime and such conduction is termed as variable range hopping (VRH).13, 55, 56 To 

analyze these transport characteristics, in our device mobility vs temperature plot was analyzed. 

In case of Qdot device, the hole mobility decreased with decreasing temperature. The mobility 

versus temperature curve in this can be fitted to nearest neighbor hopping model from 257 K 

to 357 K and from temperature 77 K to 217 K the graph can be fitted to VRH model. Likewise, 

in QDC-TFT both electron and hole mobilities can be fitted to VRH model between 77 K to 

217 K and to NNR model between 257 K to 357 K. The temperature dependent carrier 

mobilities are plotted in Figure 2.8 c, d. It was also observed that the QDC incorporated device 

exhibited larger hysteresis than that of Qdot incorporated device.  
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Figure 2.8. Transfer curves taken over temperature range of  77 K to 357 K at drain bias voltage 

of 10 V of (a) Qdot-TFT and (b) QDC-TFT. Carrier Mobilities over the entire temperature 

range are fitted to (c) nearest neighbor hopping model and (d) variable range hopping model 

for (i) hole carrier mobility of Qdot, (ii) electron carrier mobility of QDC and (iii) hole carrier 

mobility of QDC. 

 Interestingly, at an elevated temperature (375 K) both the devices exhibited higher 

hysteresis than at a low temperature (77 K) (Figure A2.8, Appendix A). Higher rate of hopping 

at elevated temperature may have led to trapping of carriers into deeper trap states within the 

band gap of the system. At low temperature these trap states however are likely filled by charge 

carriers and hence lesser hysteresis was observed. These results support the higher subthreshold 

slope observed in QDC-TFT devices. 

2.8 Conclusions 

In a nutshell, we have studied the charge transport characteristics of environmentally benign 

white light emitting surface complexed Mn2+ doped ZnS Qdots (QDC) implemented in a TFT 

design. The device exhibited excellent ambipolar transport characteristics with high ION/IOFF 

ratio of 104 and a fairly high electron mobility of 2.95×10-02 cm2V-1s-1 and hole mobility of 

1.06×10-02 cm2V-1s-1. To understand the charge transport mechanisms in the surface complexed 

Qdot, a comparison was drawn between performances of Qdot-TFT and QDC-TFT. The higher 
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value of subthreshold slope in QDC-TFT (0.79 V.dec-1 and 0.97 V.dec-1 in p-FET and n-FET 

operations, respectively) than Qdot-TFT indicated that additional carrier trap states were 

created in QDC-TFT, which may be attributed to the formation of Zn(QS)2 complex on the 

Qdot surface. Electron mobility in Qdot system can be fitted to NNH model at elevated 

temperature and VRH model at low temperature. However, both hole mobility and electron 

mobility in QDC system can be fitted to NNH model between 257 K to 357 K and to VRH 

model between 77 K to 217 K. The white light emitting feature and its excellent ambipolar 

carrier transport characteristics with fairly high carrier mobilities make it a suitable emitter and 

transport material for white light emitting diodes and transistors and thus would provide a new 

entrant in advanced optoelectronics. 
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Appendix A 

Figure A2.1. CIE diagram of (i) 00, (ii) 0.99 μM, (iii) 1.99 μM, (iv) 2.99 μM, (v) 3.98 μM, 

(vi) 4.97 μM, (vii) 5.96 μM, HQS added to Mn2+doped ZnS Qdot. 

 

 

Table A1. Tabulated form of white light emission parameters (CIE, CRI and CCT) of (i) 0.0, 

(ii) 0.99 µM, (iii) 1.99 µM, (iv) 2.99 µM, (v) 3.98 µM, (vi) 4.97 µM, (vii) 5.96 µM HQS treated 

Mn2+ doped ZnS Qdot 

 

 

 

 

 

Sample CIE CRI CCT (K) 

Qdot 0.52, 0.40 41 1939 

Qdot + 0.99 µM HQS 0.47 , 0.37 55 2305 

Qdot + 1.99  µM HQS 0.42, 0.35 64 2785 

Qdot + 2.99  µM HQS 0.39, 0.34 71 3399 

Qdot + 3.98  µM HQS 0.37, 0.33 75 4060 

Qdot + 4.97  µM HQS 0.35, 0.32 77 4719 

Qdot + 5.96  µM HQS 0.34, 0.33 78 5220 

QQD
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Figure A2.2. Excitation spectra of (i) Mn2+ doped ZnS Qdot and (ii) HQS surface complexed 

Mn2+ doped ZnS Qdot for emission maxima at 595 nm and 480 nm respectively.  

 

Quantum yield 

The following formula was used to calculate the quantum yields (QYs) of quantum dot and 

quantum dot complex where quinine sulphate was used as the reference   

 𝑄𝑆 = 𝑄𝑅 ×
𝐼𝑆

𝐼𝑅
×

𝐴𝑅

𝐴𝑆
×

𝜂2
𝑆

𝜂2
𝑅

      (A2.1) 

Where, QS is the quantum yield of the sample; QR = quantum yield of the reference; IS = area 

under emission curve of sample; IR = area under emission curve of reference; AR = absorbance 

of reference; AS = absorbance of sample; ηs = refractive index of sample; ηR = refractive index 

of reference. QY of quinine sulphate = 0.54 (54 %). The concentration of quinine sulphate and 

the samples were adjusted so as to achieve an absorbance of 0.1 ± 0.01 when irradiated with  

excitation wavelength of 330 nm and all the emission spectra were recorded between 400-700 

nm. 
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Figure A2.3. (a) TEM image (scale bar 20 nm), (b) corresponding particle size distribution and 

(c) HRTEM image (scale bar 5nm) (inset: IFFT image of corresponding marked area) with 

lattice fringe spacing 0.3 nm and (d) SAED pattern of 5.96 μM HQS added Mn2+doped ZnS 

Qdot. 

 

 

Figure A2.4. Transfer characteristic curves of (a) Qdot-TFT and (b) QDC-TFT when operated 

as a (1) p-FET and (2) n-FET in logarithmic drain current and square root of drain current 

(vertical axis) vs linear gate voltage. (corresponding to the data of Figure 2.5 a,b). 
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Figure A2.5. Comparison of Output curves of (a) Qdot-TFT (p-FET), (b) QDC-TFT (p-FET), 

(c) Qdot-TFT (n-FET) and (b) QDC-TFT (n-FET). 

 

 

 

 

 

 

 

 

  

 

Figure A2.6. Comparison of carrier mobility of Qdot-TFT (µn = 5.20×10-02    and µp = 4.89×10-

01 cm2V-1s-1) and QDC-TFT. (µn = 2.95×10-02 cm2V-1s-1 and µp = 1.06×10-02 cm2V-1s-1). 
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Table A2.  Comparison of different quantum dot transistors 

 

Ref. 

No. 

Type of Dot Type of 

transport 

Mobility          

( cm
2

V-1.s-1) 

ION/IOF

F  

Subthreshold 

swing  (V.dec-1) 

Toxicity 

This 

Work 

Mn
2+

 doped ZnS 

Qdot 

Ambipolar 4.89E-01 (μp) 

5.20E-02 (μn) 
10

5
 0.355(p-channel)       

0.595(n-channel) 

Non- 

toxic 

Mn
2+

 doped ZnS 

QDC 

Ambipolar 1.06E-02 (μp) 

2.95E-02 (μn) 
10

4
 0.798(p-channel) 

0.970(n-channel 

Non-

toxic 

1 PbS Qdot Ambipolar 0.06 ( μn ) 10
4
 - toxic 

2 CdSe Qdots In2Se4
2- 

ligand 

n-type 44 ( μn ) 10
5
 - Toxic 

3 PbS/HMDS treated 

Qdot 

Ambipolar 0.2 (μn)  

8Χ10
-5

(μp) 

10
5 

/10
6
 

2.71  toxic 

4 PbSe Qdots Ambipolar 7 (μn)  

0.6(μp) 
10

3
 - Toxic 

5 PbS colloidal Qdot Ambipolar 0.12(μn)       

10
-5

(μp) 

10
6
/10

3
 

- Toxic 

6 PbS Qdot 

(thiocyanate caped) 

Ambipolar 0.13 / 0.33 - - toxic 

7 benzyl viologen 

doped PbS Qdot 

n-type 0.64 - - toxic 

8 PbS Qdot 

(Thiocyanate 

treated) 

Ambipolar 0.43 

0.47 
10

3
 - toxic 

9 PbS Qdot Ambipolar  10
4
 0.250 - 0.450   Toxic 
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Subthreshold Swing 

Figure A2.7. Subthreshold slopes of (a1) Qdot-TFT (p-channel), (a2) Qdot-TFT (n-channel), 

(b1) QDC-TFT (p-channel) and (b2) QDC-TFT (n-channel). 

 

The following formula was used to calculate the density of trap states in the transistors from 

the subthreshold swing obtained from the experimental data 

Subthreshold Swing (SS) = ln(10)
𝑘𝑇

𝑞
(1 +

𝑞2𝐷𝑖𝑡 

𝐶𝑖
)   (A2.2)  

Where k is the Boltzmann constant; q is the elementary charge; T is the absolute temperature; 

Ci is the unit area dielectric capacitance and Dit is the density of interface trap states.  

 

Table A3.  Trap state densities of Qdot-TFT and QDC-TFT 

  

 

 

 Trap state density (Dit (cm–2.eV–1) 

Samples p-FET n-FET 

Qdot-TFT 2.97×1011 5.59×1011 

QDC-TFT 9.24×1011 9.40×1011 
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Decay parameters of the samples were fitted (tri-exponentially) and average life time of the 

samples were calculated by using the equation (3) and (4) respectively  

𝐼(𝑡) =  ∑ 𝛼𝑖exp (−𝑡
𝜏𝑖

⁄ )𝑖    (A2.3) 

𝜏𝑎𝑣 =  
∑ ∝𝑖𝜏𝑖

2
𝑖

∑ ∝𝑖𝜏𝑖𝑖
     (A2.4) 

Where, α and τ, are the exponential coefficients and excited-state lifetime of the component. 

Time-resolved photoluminescence studies were carried out using life-Spec-II 

spectrofluorometer (Edinburgh Instrument) and HORIBA-Fluoromax4 spectrofluorometer. 

 

 

 

Table A4.  Average life time of Qdot and QDC in colloidal phase and thin film. 

 

 

 

Figure A2.8. Hysteresis plot of (i) Qdot and (ii) QDC at room temperature for (a) Vd=+10V 

and (b) Vd= -10V. Hysteresis plot for Vd= +10V at (i) 77K and (ii) 357K of (c) Qdot-TFT and 

(d) QDC-TFT. 

 

λex (nm) λem (nm) Qdot colloid Qdot Thin Film QDC colloid QDC Thin Film 

336 480 - - 14.73 ns 8.76 ns 

375 480   15.02 ns 8.46 ns 

330 595 1.47 ms 1.24 ms 1.50 ms 1.17 ms 
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Chapter 3 

Surface Engineering of Quantum Dot for Self-Powered Ultraviolet 

Photodetection and Information Encryption 

 

Abstract  

We demonstrate fabrication of photodetectors in the UVC and UVA regions, based on surface 

engineering of Mn2+ doped ZnS Qdot. Mn2+ doped ZnS Qdot, exhibited UVC detection with 

responsivity 0.3±0.02 A.W-1 and detectivity 1.7±0.2 1011 Jones. Following this, the Qdot was 

surface modified with 8-hydroxyquinoline 5-sulphonic acid ligand, which resulted in the 

formation of bluish green zinc quinolate complex (Zn(QS)2) at the Qdot surface (defined as 

quantum dot complex; QDC) exhibiting overall white photoluminescence. The detector 

developed with QDC as the photoactive material, exhibited responsivity of 0.2±0.02 A.W-1 and 

detectivity of 1.2±0.2 1011 Jones in UVA band. This shift in the detection band from UVC in 

Qdot to UVA in QDC, through surface complexation mechanism is a new approach for tuning 

spectral detection featured in this work. Besides, the self-powered response of both the 

detectors exhibited attractive photoelectric characteristics. The detectors were incorporated in 

a portable prototype to show their potential application towards selective UVC and UVA 

spectral detection. Additionally, the dual- mode emission of the QDC was used for data 

encryption and decryption. 

3.1 Introduction 

Easy fabrication and commercially viable ultraviolet (UV) photodetectors - that are 

selective to different bands of UV radiations - could make significant difference to a plethora 

of applications. They are especially important in remote control devices, defence safety gears, 

ozone layer monitoring, flame detection, secured space communications, UV-phototherapy and 

personal monitoring devices.1-4 Recent results suggest that wide bandgap nanoscale materials 

- with strong absorption in the UV region - such as GaN nanofibres5, Ga2O3,
6 Ga2In4S9

7, single 
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walled carbon nanotube,8 TiO2 nanorod,9 ZnO nanocrystals10 and ZnS nanobelts11 may provide 

important options for fabrication of optoelectronic UV detectors.12 A promising detector 

element ought to be able to generate - following UV exposure – long lived exciton(s) and at 

the same time serve as efficient charge carrier in the device. Current developments in zero - 

dimensional quantum dot (Qdot) based UV photodetectors have exhibited superior 

performance over one dimensional nanocrystals because of their added advantage of increased 

surface to volume ratio and multiple exciton generation.2, 13, 14 Further, the photoexcited carriers 

with energy higher than the band gap of the photoactive material generate secondary excitons, 

which in turn increases the photocurrent yield. Significant improvements in carrier drift 

towards external electrodes and thus the device performance have been achieved by integrating 

Qdots with 2D films such as that of graphene or MoS2 in hetero-structured design, with 

graphene and MoS2 being excellent agents for high mobility charge transport.15-17  

ZnS Qdots, a potential candidate for solar blind nears deep (265 nm) ultraviolet detection, 

showed improved performance for detection of 290 nm light when incorporated into graphene 

heterstructure.17 Self-powered detectors based on nanostructured ZnS caught tremendous 

interest, where asymmetric Schottky contacts reportedly facilitated zero voltage operation due 

to the built in electric field. Commonly studied self-powered UV photodetectors implement p-

n junctions,6 heterojunctions,18 Schottky junctions,19 or organic/polymer hybrid junction20 

structures, which rapidly separate the photoexcited electrons and holes due to the built-in 

electric field.3, 21, 22 Schottky junctions in metal-semiconductor-metal (MSM) detectors, the 

simplest of all the kind in the context of fabrication complexity, have shown tremendous 

improvement in detector performance.3 Additionally, transition metal ions when doped in Qdot 

crystal introduce intermediate electronic states in the band gap, which help improve the charge 

separation and recombination dynamics in the photoactive material.23, 24 However, the effect 

of Mn2+ doping in ZnS Qdot to enhance the photodetector performance under self-powered 

operation is not reported before. 

Importantly, ligand exchange methods, in addition to surface passivation, facilitate fast 

electron injection, improves photoluminescence efficiency and interdot coupling and device 

stability.25-29 In addition, they provide control over exciton dynamics, detection range and 

improve electrode to excitonic barrier for wide range of device interfaces and thus have 

improved performance significantly over high quantum yield photodetectors.30, 31 . On the other 

hand, species such as molecular complexes when incorporated on the surface of Qdots not only 
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would help passivate the surface but also improve the versality and performance of the 

device.27, 32 We have recently defined such a composite as quantum-dot-complex (QDC) and 

have shown that they possess physical properties superior to the component Qdot or the 

complex.33, 34 It could be plausible that a QDC would exhibit different charge transport 

properties as compared to the Qdot or the complex and thus may help fabricate superior 

photodetectors.35 Such an approach in bringing versatility to the optoelectronic properties of 

Qdots through the complexation on their surfaces has not been reported yet. 

 Herein, we report fabrication of MSM photodetectors with Mn2+ doped ZnS Qdot and 

QDC as the photoactive materials. We report tuning of detection band from UVC in Qdot 

detector to UVA in QDC detector by modulating absorption and excitation dynamics through 

surface engineering. The Qdot- photodetector (Qdot-PD) have exhibited maximum as-

measured detection at 255 nm wavelength (UVC) with responsivity of 0.3±0.02 A.W-1 and 

detectivity of 1.7±0.2 1011 Jones whereas the QDC-photodetector (QDC-PD) has exhibited 

maximum photoresponse at 365 nm (UVA) with responsivity of 0.2±0.02 A.W-1 and detectivity 

of 1.2±0.2 1011 Jones. The detectors were analysed under self-biased conditions, which 

produced responsivity 9 mA/W in Qdot-PD and 4 mA/W in QDC-PD. Both detectors were 

then integrated together with a microcontroller unit to build a portable prototype where the 

photocurrent generated from the detectors are calibrated so as to selectively detect UVA and 

UVC radiations. Thus. we propose here that surface complexation with ligands on quantum dot 

surfaces provides a new tool to engineer charge carrier dynamics to tune detection band. In 

addition, the dual-mode photoluminescence properties of QDC was utilized for a novel 

information encryption. 

3.2 Materials and Methods 

Materials 

zinc acetate dihydrate (Merck), manganese acetate tetrahydrate (Merck), sodium sulphide 

(Merck), 8-hydroxyquinoline-5-sulfonic acid (Merck), methanol (Merck) and Mili-Q grade 

water. 

Mn2+ doped ZnS quantum dot (Qdot) Synthesis: A reported synthesis protocol was followed 

for the preparation of Mn2+ doped ZnS quantum dots which is characteristic of orange emission 

(595 nm) at λex=330 nm.33 In detail, 40 mL homogeneous aqueous mixture of zinc acetate 
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dehydrate and manganese acetate tetrahydrate with concentration of 5mM and 1mM 

respectively were constantly stirred for 10 min at 80 oC. Following this, 10mL solution of 5.0 

mM sodium sulphide was added to the mixture and allowed to undergo reaction for 4 h at 120 

oC under reflux conditions. The so obtained, milky white dispersion was centrifuged for 20 min 

at 15000 rpm. The resultant palette was dispersed in Milli Q water, and centrifuged-keeping 

the rotational speed and duration constant. The resultant palette was re-dispersed in 50 mL 

methanol for further experiments. 

Preparation of HQS ligand: The solvent used for preparation of the ligand is water and 

methanol mixed at a ratio of 6:4 by volume. To this, 2.24 mg of 8-hydroxyquinoline-5 

sulphonic acid (HQS) was added and sonicated to obtain 1mM solution of the ligand. 

Preparation of quantum dot complex (QDC): 3.0 μL of 1.0 mM solution of HQS ligand was 

cumulatively added to the as-synthesised Qdot dispersion. Formation of QDC was confirmed 

with the appearance of gradually increasing emission peak at 480 nm in photoluminescence 

spectrum on successive addition of 1 mM HQS solution along with the emission peak of as-

synthesised Qdot at 595 nm at λex=330nm. An optimum amount of 15.0 μL of 1.0 mM HQS 

(5.96 μM) was required to a volume of 3.0 mL Qdot dispersion (with absorption at 320 nm) to 

ascertain the formation of white light emitting QDC. This colloidal dispersion was then purified 

by carrying out two rounds of centrifugation at 15000 rpm for 20 min. 

Photodetector fabrication: A 1x1 cm piece of Si/SiO2 substrate was cleaned ultrasonically 

with acetone, isopropyl alcohol and Mili-Q water sequentially. The cleaned wafer was further 

treated in ozone plasma for 20 min at room temperature to obtain a hydrophilic surface. A 

homogeneous dispersion of Qdot was prepared by sonicating 100 mg Qdot palette in 1 mL 

methanol for 1 h. 100 μL of this dispersion was spin-coated onto properly cleaned Si/SiO2 

wafer at 1000 rpm for 60 s to obtain thin layer of Qdot.  It was then heated at 120 ℃ in a hot 

plate at ambient air and yellow light condition. Interdigitated electrodes (IDT) were patterned 

over the quantum dot thin layer by thermal evaporation of 99.99% pure aluminium at 6 ×10-6 

mbar chamber pressure through a shadow mask using thermal evaporation system. IDT 

patterned shadow masks with 100 µm gap between the electrodes were used for Al electrode 

patterning. The device was then heated at 120 oC in a hot plate at ambient air and yellow light 

condition. 
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The QDC photodetector was also fabricated in a similar fashion. Briefly, 100 µL of uniformly 

dispersed QDC, prepared by sonicating 100 mg of QDC palette in 1mL methanol was spin 

coated on Si/SiO2 substrates at 1000 rpm for 60 s to obtain a thin uniform layer of QDC. 

Thermally evaporated Aluminium electrodes were patterned through shadow masks to obtain 

the desired optoelectronic output from the photodetectors. 

3.3 Instruments Used 

Optical Characterization: UV-Vis and photoluminescence spectra of Qdot and QDC were 

recorded in Jasco V-360 spectrophotometer and Horiba jobin Yvon FluoroMax-4 

spectrofluorimeter, respectively. 

Morphological Characterization: For Transmission electron microscope, high resolution 

transmission electron microscope (HRTEM) and selected area electron diffraction (SAED) 

analysis, JEOL JEM-2100F transmission electron microscope was used. Bruker D2 Advance 

X-ray diffractometer was used to obtain Powder X-ray diffraction patterns. AFM imaging was 

carried out in Innova SPM, Bruker and FESEM was carried out in JEOL JSM-7610F. 

Electrical Characterization: Time dependent photodetector responses were measured in dark 

room environment at room temperature using Keithley 4200A SCS parameter analyser. 

Wavelength dependent responses were recorded using Keithley 2400 integrated with Horiba 

Jobin YVON Fluorolog spectrofluorimeter 

3.4 Materials Characterization  

Deep UV detectors illustrated in this work were fabricated using solution processed quantum 

sized Mn2+ doped ZnS nanocrystals as the active material. These Qdots exhibited absorbance 

band edge at 330 nm and a strong absorbance at UVC due to host ZnS (Figure 3.1a). 

Photoluminescence peak at 595 nm observed in the as-synthesized Qdot is attributed to 

electronic transition of Mn2+ dopant from 4T1 state to 6A1 state of Qdot. Appearance of a weaker 

peak at 440 nm is attributed to the photoluminescence of the host ZnS Qdots (Figure 3.1b).  

The average particle size of Qdot obtained from the transmission electron microscopy (TEM) 

images was 3.2 ± 0.2 nm along with a lattice fringe spacing of 0.3 nm due to (111) lattice plane 

of cubic ZnS (Figure 3.1c-f). (111), (220) and (311) lattice planes of cubic ZnS were confirmed 

based on the 2θ peaks at 28.30°, 47.40°, and 56.40°, respectively, observed in the powder X-
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ray diffraction analysis (Figure B3.1, Appendix B). Subsequently, to the colloidal dispersion 

of Qdot, 8-hydroxyquinoline-5-sulphonic acid (HQS) ligand was added to obtain Qdot 

complex (QDC).33 Addition of this ligand to Qdot dispersion involved reaction with the surface 

cations of Qdot resulting in the formation of zinc quinolate complex (Zn(QS)2) at the Qdot 

surface, which was confirmed from the emission peak at 480 nm in addition to 595 nm at λex= 

330 nm. Emission peak at 480 nm is due to electronic transition between highest occupied 

molecular orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels of the 

surface complex formed.33 The dual emission peak of QDC makes it white in appearance under 

330 nm excitation (Figure 3.1b, Figure B3.2, Appendix B).  

Figure 3.1. (a) UV-vis and (b) photoluminescence spectra of (i) Qdot and (ii) QDC. (c) 

Transmission Electron Microscopy image (scale bar - 20 nm), (d) high resolution transmission 

electron microscope image (scale bar - 5 nm) (inset: marked are IFFT image) with lattice fringe 

spacing 0.3 nm and (e) SAED pattern (f) corresponding particle size distribution of as-

synthesized Qdots. (g) Fourier transformed infrared (FTIR) spectra and (h) digital photograph 

of (i) Mn2+ doped ZnS Qdot and (ii) Mn2+ Doped ZnS -HQS QDC.  

Appearance of an additional hump at 365 nm in the UV-vis spectrum confirmed the 

attachment of HQS ligand to the bonding sites (Figure 3.1a). The Zn2+ complexation involved 

in the quinolate binding on Qdot surface is further confirmed from Fourier transform infrared 

(FTIR) spectra of QDC (Figure 3.1g) and the characteristic peaks at 1602 and 1580 cm-1 

corresponding to C-C/C-N stretching, 1501 and 1462 cm-1 corresponding to pyridyl and phenyl 

rings, 1320 cm-1 corresponding to C-H bending peaks, 819 and 741 cm-1 corresponding C-H 
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out plane wagging and 615 cm-1 corresponding to in-plane ring deformation were observed. 

The nature of binding of the quinolate complex on Qdot surface has been previously reported 

by our group.36, 37 No change in the average particle size, crystallinity or morphology was 

observed in the powder XRD analysis and TEM imaging of QDC (Figure B3.1 and B3.3, 

Appendix B). Digital photographs of Qdot and QDC are included in Figure 3.1h. The orange 

emitting Mn2+ doped ZnS Qdots and white light emitting QDC were used as the photoactive 

material to fabricate the Qdot-photodetector (Qdot-PD) and QDC-photodetector (QDC-PD). 

The colloidal dispersion of Qdots and QDCs were spin coated over a cleaned Si/SiO2 substrate 

and interdigitated electrodes were patterned over the active layer using thermal evaporation 

method. The MSM structured photodetector fabrication process is described in the 

experimental details.  

3.5 Photodetector Characterization  

A schematic diagram and the picture of the photodetector is presented in Figure 3.2a, b. The 

surface morphology of the spin coated thin films were studied from the atomic force 

microscopy (AFM) images and field emission scanning electron microscopy images (FESEM) 

(Figure 3.2c-f). Surface roughness parameters, Ra (roughness average) and Rq (RMS 

roughness) of the Qdot thin film were found to be 8.69 nm and 10.9 nm, and those of QDC thin 

film were 6.35 nm and 7.98 nm, respectively. Photoactive materials, when irradiated with 

energy higher than their band gap produce photogenerated excitons. These excitons then 

disassociate to electrons and holes and drift toward opposite electrodes under applied electric 

field resulting in photocurrent yield. The Current (µA) vs Voltage (V) response of Qdot 

photodetector under UVA, UVC and white light irradiation was obtained for a voltage range 

from -5V to +5 V as shown in Figure 3.3a. From the I-V characteristics, it was clearly observed 

that, the maximum amount of photocurrent was generated under 255 nm (UVC), followed by 

365 nm (UVA) exposer. When exposed to white light, it produced lowest photocurrent 

compared to the above-mentioned cases. Unlike other reported results, UV-LEDs were used as 

the illumination source instead of LASER source and incident optical power was kept constant 

at 0.6 mW/cm2 throughout all the experiments. To examine repeatability of the detector, it was 

exposed to 10 ON-OFF cycle of UVC, UVA and white light at a fixed bias voltage of +3V 

(Figure 3.3b). The dark current of the Mn2+ doped ZnS Qdot photodetector was measured as 

5 x 10-7 A. When irradiated, the photocurrent abruptly increased and reached saturation at high 
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conductive state, and exhibited fast decay to a low conductive state when the light source was 

turned off. 

Figure 3.2. (a) Schematic of the fabricated photodetector. (b) A photograph of a typical 

photodetector. AFM image of spin-cast (c) QD thin film and (d) QDC thin film. FESEM image 

of spin-cast (e) QD thin film and (f) QDC thin film. 

The performance of optoelectronic photodetector is evaluated in terms of two figure of merit 

parameters, namely, responsivity (R) and specific detectivity (D*). Responsivity quantitatively 

measures how efficiently a photodetector responds to an optical signal and detectivity 

represents the capacity of the device to detect the weakest signal. The responsivity and specific 

Detectivity of photodetector can be calculated using the following equations – 

𝑅𝑒𝑠𝑝𝑜𝑛𝑠𝑖𝑣𝑖𝑡𝑦 (𝑅) =
𝐼𝑝ℎ

𝑃𝑖𝑛.𝐴
      (3.1) 

Iph is (Ilight,ON – Ilight OFF), Pin represents the total optical power, A represents device area.  
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The specific Detectivity (D*) of photodetector was calculated using the formula 

Detectivity, (D*)=
𝐴1/2𝑅

(2𝑞𝐼𝑑)1/2
      (3.2) 

A represents device area, R represents responsivity, q represents elementary charge, Id 

represents detector dark current. 

Figure 3.3. (a) I-V curves representing the photoresponses of Qdot-PD upon (i) UVC, 

(ii) UVA and (iii) white light exposer and (iv) dark current. (b) Photoresponse under ten 

ON-OFF cycle of (i) UVC, (ii) UVA and (iii) white light exposer. (c) Response time 

and (d) decay time characteristics of Qdot-PD. (e) I-V curves representing the 

photoresponses of QDC-PD upon (i) UVA, (ii) UVC and (iii) white light exposer and 

(iv) dark current. (f) Photoresponse under ten ON-OFF cycle of (i) UVA, (ii) UVC and 

(iii) white light exposer. (g) Response time and (h) decay time characteristics of QDC-

PD. 

Upon UVC irradiation with the input optical power 0.6mW/cm2, the responsivity was 

found to be 0.3±0.02 A.W-1 and upon UVA irradiation it produced a responsivity of 87±23 

mA.W-1. The specific detectivity of the detector to UVC exposer is 1.7±0.2 1011 Jones in 

contrast to the smaller value of 4±1 1010 Jones to UVA exposer. The transient response of the 

detector (Figure 3.3c, d) showed an average response time of 65μs and a decay time of 130μs 

to UVC exposer. The response time of 65μs and decay time of 130μs were recorded from the 

same device under the same biasing condition, when exposed to UVA radiation. The response 

time (tr) is the time required for the detector to rise from 10% to 90% of its maximum response 

whereas decay time (td) is the time required time to fall from 90% to 10% of its maximum 

value. In addition, the detector was not completely blind to visible light as the absorption tail 
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of Qdot extends towards visible light and thus small amount of photocurrent generation was 

recorded under white light irradiation. The photoresponse of the Qdot-PD is dependent mainly 

on the drift of photogenerated carriers, therefore the transport of charge carrier in QDot thin 

film determines the response speed. In solid state Qdot thin films, the transport is dominantly 

through hopping of the carriers. This leads to low mobility and limited photoresponse transients 

in Qdot detectors.38  

To draw a comparison of the photoresponse behaviour, the QDC- PD was tested under the 

same experimental conditions. I-V characteristics of the QDC-PD were obtained from -5 V to 

+5 V under UVA, VUC, white light and dark environment (Figure 3.3e). The dark current, 

Idark obtained was 2.1 x 10-7 A at +3 V. In contrast to Qdot-PD, QDC-PD exhibited maximum 

photoresponse under UVA illumination. A stable photocurrent of 4.21 x 10-6 A was obtained 

under this condition. When irradiated with UVC, the photocurrent generated was 1.82 x 10-6 

A. The responsivity and detectivity of the detector to UVA was 0.2±0.02 A.W-1 and 1.2±0.2 

1011 Jones and to UVC it was 81±10 mA.W-1 and 5±1 1010 Jones respectively. No degradation 

of photocurrent was recorded after 10 ON-OFF cycles of UVA and UVC exposer in the 

detector (Figure 3.3f). The average response time and decay time were 65μs and 130μs to 

UVA and 65μs and 130μs s to UVC exposers, respectively (Figure 3.3g, h). Thus it can be 

ascertained that QDC-PD is a proficient UVA detector with maximum photogenerated current. 

The detector was not completely visible blind but, the white light response of it (Iwhitelight/IUVA) 

was found out to be 80% lower in comparison to UVA radiation response. Further, to observe 

the stability of both the detectors, photoresponse was recorded after 30 days. During this period, 

they were kept in ambient environment without encapsulation (Figure 3.4). The Qdot device 

retained 80% efficiency whereas QDC device retains 75 % of the initial efficiency, indicating 

prolonged durability of both the detectors. The excellent durability of detectors can be 

attributed to highly stable Qdot and QDC. 

The photoresponse of ZnS Qdots was measured to analyse the impact of Mn2+ dopant on 

photoconduction. The photoconduction of ZnS Qdot under 255 nm excitation was more than 

that of 365 nm excitation. Under 365 nm excitation the photocurrent increased and vanished 

even though the irradiation source was ON. The reason may be that a fraction of the photo-

generated excitons dissociated and drifted toward the external electrodes, but majority of the 

carriers recombined fast and thus did not contribute to photocurrent generation (Figure B3.4, 

Appendix B). The observations depicted that, ZnS Qdot exhibited Ilight/Idark ratio of 1.13 and 
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doping manganese to ZnS Qdot increased the photocurrent by 11.5 fold. Creation of new 

electronic states due to Mn2+ dopant in the Qdot alters the charge dissociation and 

recombination dynamics in the material. Previous reports have illustrated long lifetime of Mn2+ 

doped ZnS Qdot in the range of milliseconds due to spin-forbidden d-d transition, 4T1-
6A1 of 

Manganese39. These long lived photogenerated carriers due to Mn2+ dopant also introduce a 

sluggish charge recombination dynamics and thus the enhancement in the resulting 

photodetector performance. Photoresponse of three representative devices and responsivity as 

well as detectivity of eight devices are shown in Figure B3.5, B3.6 and B3.7, respectively 

(Appendix B). 

Figure 3.4. (a) Photoresponse of (a) Qdot-PD obtained after 30 days upon (i) UVC, (ii) UVA 

and (iii) white light illuminations. (b) Photoresponse of (a) QDC-PD obtained after 30 days 

upon (i) UVA, (ii) UVC and (iii) white light illuminations. 

ZnS Qdot being a wide band gap material, exhibits strong absorbance in the UV region. 

Thus, following illumination with short UV (255 nm) radiation in Mn2+ doped ZnS Qdot, 

excitons are created in the host ZnS, which upon consecutive recombination, transfers the 

energy to the doping level and creates excited Mn2+ ions. These energetic ions can provide 

energy for the generation of hot carriers at the ZnS conduction band.40, 41 Another plausible 

pathway of hot-carrier generation is through Auger de-excitation process where energy is 

transferred from the excited dopant to a charge carrier leaving the carrier in the  excited state 

and the dopant in ground state.42, 43 Thus, Mn2+ doped ZnS Qdot in a photodetector platform 

exhibited maximum photocurrent yield on 255 nm exposure. These Qdots when excited with 

λex=365 nm (UVA) produce less photocarriers as the excitation as well as the absorbance at 

this wavelength is low (Figure 3.5a).  This is consistent with the observed high photocurrent 
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of 6.59 µA under UVC irradiation compared to a lower value of 2.05 µA under UVA 

irradiation. 

On the other hand, when HQS ligand was sequentially added to the Qdot dispersion, the 

photoluminescence at 595 nm, when excited with λex= 255 nm (UVC), and owing to the 

formation of surface complex moiety (Zn(QS)2) on Qdot,44 was gradually quenched (Figure 

B3.8b, Appendix B), whereas, photoluminescence at 480 nm due to the surface complex 

moiety with excitation maximum at 365 nm, gradually increased (Figure B3.8 c, Appendix 

B). Excitation spectral plot for both Qdot and QDC are shown in Figure 3.5a.  As the LUMO 

level of Zn(QS)2 is close to the conduction band of the doped ZnS,45 there may be possible 

energy transfer to the complex. Also, there are two possible channels of recombination, leading 

to reduction of hot-carrier population in QDC for which excitation maxima was at 365 nm. Due 

to the presence of surface complex Zn(QS)2, at this wavelength of radiation, the surface 

complex moiety generates photoexcited carriers, and hence the photocurrent yield. Complex 

formed from the zinc metallo-8-hydroxyquinolate (ZnQ2) and (Zn(QS)2 with an electron-

withdrawing substituent at 5-position in 8-hydroxyquinoline are reported to be highly 

photoluminescent and are used as biological probes46, 47 as well as electroluminescent material 

for diode and photoswitch applications.45 Therefore, the complex on the surface of QDC might 

have acted in efficient charge generation and carrying abilities as observed here. On the other 

hand, the low photocurrent generated by the QDC at 255 nm was possibly due to efficient 

energy transfer to the surface complex from the Qdot leading to luminescence by the complex, 

as is also evident from the excitation spectrum (Figure 3.5a, Figure B3.8a, Appendix B). The 

weaker responsivity in the short UV (255 nm) range may also be attributed to surface charge 

diffusion barrier and plausible recombinations, limiting charge collection at the electrodes due 

to formation of surface complexes.48 Hence, we observe lower responsivity at 255 nm in 

comparison to 365 nm in QDC-PD. This observation was evident from wavelength dependent 

responsivity analysis shown in Figure 3.5b. From the wavelength-responsivity plot it can be 

observed that Qdot-PD showed maximum responsivity at UVC region (with continuous 

increase from longer wavelength, whereas, QDC-PD, exhibited maximum responsivity upon 

UVA irradiation. This shift in the detection band from UVC in Qdot-PD to UVA in QDC-PD 

thus can be attributed to the surface complexation of Qdot.  
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3.6 Self-Powered Operations 

In order to validate the self-powered operation of the MSM structured detectors, I-V 

characteristics of both the detectors were studied. Photocurrent generation in our device can be 

attributed to the hot carrier generation due to the Mn2+ dopant. Due to the rapid transfer of 

energy between excitons and the Mn2+ ions, excitons could be up-converted to hot carrier. 

These photoexcited hot carriers possessing high kinetic energy, can escape to the electrode 

producing current even at low intensity photoexcitation without any applied voltage. Photo-

generated hot electrons, due to Mn2+ dopant potentially exhibits energy above conduction band 

and even could escape to the vacuum level. Reportedly, they have been potentially used for 

current generation49 as well as in photo-catalytic applications.50 A schematic illustration of hot 

carrier generation is shown in Figure 3.6.  

Figure 3.5. (a) Excitation spectra of (i) Qdot (λem= 595 nm) and (ii) HQS surface complexed 

Qdot (λem= 480 nm). (b) Wavelength-responsivity curve of (i) QDC-PD and (ii) Qdot-PD.  

The dark current and photoresponse of (c) Qdot and (d) QDC. Self-powered photoresponse of 

(e) Qdot and (f) QDC. Photoresponse of (g) Qdot and (h) QDC at different operating voltages. 

In addition to this, when the device is operated in ambient conditions, native oxygen 

molecules get adsorbed at the Mn2+ doped ZnS Qdot surface. These oxygen molecules can 

capture free electrons from the photoactive layer [𝑂2(𝑔) +  𝑒− → 𝑂2
−(𝑎𝑑)] and a thin 

depletion layer is formed at the surface, resulting in an upward band bending at the interface. 

Upon light illumination, the photoexcited holes migrate to the surface and the negatively 

charged oxygen is discharged [𝑂2
−(𝑎𝑑) +  ℎ+ →  𝑂2(𝑔)] and finally de-adsorbed from the 

surface. The unpaired free electrons move towards the electrodes resulting in the photocurrent 
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generation. Thus, Oxygen adsorption and de-adsorption process enhances the charge separation 

at the interface.3, 22, 51, 52 The dark current and photoresponse of the detectors can be observed 

in Figure 3.5c, d. The device transients are studied at self-powered mode by periodically 

switching optical signals ON and OFF (Figure 3.5e, f).   

 Figure 3.6. Schematic illustration of hot carrier generation in Mn2+ doped ZnS-PD. 

The self-powered dark current and photocurrent of Qdot-PD were observed to be 5x 

10-10A and 1.7x 10-7A and that of QDC-PD was 1x10-10A and 8x10-8A, respectively. 

Responsivities of 9 mA/W in Qdot-PD and 4 mA/W in QDC-PD were observed under self-

biased condition. Detector responses at different operating voltages are shown in Figure 3.5g, 

h. and transient responses under self- biased mode are shown in Figure B3.9, Appendix B. 

The performance parameters of Qdot and QDC are tabulated in Table B1, Appendix B. A 

comparison of performance parameters of recently reported UV photodetectors vis-à-vis the 

current ones are tabulated in Table B2, Appendix. 
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3.7 Portable Prototype 

Figure 3.7. (a) Block representation of the connection of the sensors to Arduino UNO and (b) 

photograph of the integrated device. Time vs Voltage response obtained from the fabricated 

device using Arduino UNO implementation for (c) Qdot sample with (i) 255 nm and (ii) 365 

nm optical irradiations and (d) QDC sample with (i) 365 nm and (ii) 255 nm optical irradiations. 

Next, to build a portable working prototype and to obtain the real time responses of the 

detectors, both the photodetectors were connected to a microcontroller unit. The prototype 

consisted of a processor (ARDUINO UNO), a computer for graphical user interface and power 

supply to the controller, a16 x 2 bit LCD and the fabricated UVA and UVC photodetectors. 

The ratio of voltage change from the detectors were calibrated to display the type of radiation 

in the display unit. Figure 3.7a, b show the block representation and photograph of the 

prototype. The detectors were connected through voltage divider circuit to the controller unit. 

The real time response of the detectors in terms of change in voltage across the detectors on 

exposer to UV radiations were obtained through a graphical user interface. On irradiation of 

Qdot-PD with UVC radiation, the photocurrent produced was maximum, which reduced the 

resistance across the detector, and in turn resulted in reduction in voltage across it. The ratio of 
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the voltage across the detector from dark state to light (Vdark/ Vlight) was 1.06 (Figure 3.7c). 

Similarly, when the QDC device was exposed to UVA, it gave a Vdark/ Vlight ratio of 1.07 

whereas when exposed to UVC it showed Vdark/ Vlight of 0.86 (Figure 3.7d). These observations 

supported our previous experimental results. Thus, the QDC not only was able to detect UVA 

radiation in comparison to UVC but also was capable of producing significant difference in 

signal upon exposure to radiations of two different wavelengths in a commercially viable 

prototype.  

3.8 Information Encryption and Decryption 

Figure 3.8. (a) Representation of cifertexts written with Qdot and QDC. Digital photographs 

of (b) encrypted information observed under UVC  and (c) decrypted information observed 

under UVA. (d) Cifertexts observed under combined exposer of UVA and UVC. (e) Digital 

photographs of dispersions of Qdot and QDC under UVC and UVA. 

Using the feature of white light emission from the QDC under 365 nm excitation, and orange 

emission at 255 nm excitation, an example of data encryption and decryption is shown in 

Figure 3.8a-e. The photoluminescence characteristics of Qdot and QDC in 255 nm and 365 

nm are shown in Figure B3.8, Appendix B.  An alpha numeric ciphertext “8A” was written 

with QDC and Qdot. Qdot (orange emission at 255 nm excitation) was used as an interfering 
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agent. Under UVC irradiation, 8A - the encrypted information, could be observed, which 

appeared orange due to the photoluminescence properties of QDC as well as Qdot under 255 

nm.  

Figure 3.9. Photostability of dual-emitting QDC observed for (a) emission maximum 595 nm 

at λex=255 nm (UVC) and that for (b) emission maximum 480 nm at λex=365 nm (UVA). 

However, when UVA source was turned ON, white colored number “97”, which was the 

decrypted information, could be easily recognized by the naked eye. In the same manner, 

encryption of binary numbers “0110110” in “10100100” and “ENCRYPT” in “6N0RYAT” are 

shown in Figure 3.8b, c. The ciphertexts observed under combined effects of UVA and UVC 

are shown in Figure 3.8d. Here it can be observed that the parts of the texts written with Qdot 

appeared orange and the parts written with QDC appeared white. This feature can be used for 

dual encryption of secured information or printing QR codes with Qdot as the interfering agent.   

Figure 3.8e shows the digital photographs of Qdot and QDC dispersion under UVC and UVA.  

Additionally, photostability of dual emitting QDC was studied where percentage variation of 

luminescence intensity for emission peak at 595 nm and 480 nm was observed for a time 

duration of 1800 s. Nearly 90% of the luminescence intensity was retained for 480 nm emission 

under continuous excitation with 365 nm (UVA) light, whereas, no significant decay was 

observed for 595 nm emission under 255 nm (UVC) excitation (Figure 3.9). These 

observations suggest that the so prepared QDC from Mn2+ doped ZnS Qdot can be used as a 

promising anti-counterfeiting ink for data encryption. 
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3.9 Conclusions 

We have demonstrated MSM ultraviolet photodetector based on Mn2+ doped ZnS Qdot 

exhibiting maximum responsivity under UVC radiations with responsivity 0.3±0.02 A.W-1 and 

detectivity 1.7±0.2 1011 Jones. Interestingly, photodetectors with similar MSM structure, where 

surface complexed Mn2+ doped ZnS Qdots (QDC) was used as an active material, exhibited 

shift in the detection band and showed maximun responsivity in UVA region with responsivity 

0.2±0.02 A.W-1 and detectivity of 1.2 ±0.2 1011 Jones. Moreover, the devices could also be 

operated in self-biased mode due to the fast separation of excitons driven by the built-in electric 

field. Detector were then incorporated together in a portable device that demonstrated 

selective detections of UVA and UVC. The strategy of ligand specific surface complexation 

reaction in order to influence absorption and exciton dynamics in Qdot bears great potential to 

facilitate selective spectral detection from a single moiety, in a broader stretch of device 

interfaces and thus could provide new digital vision to optoelectronic industries. In addition, 

the white light emitting feature of the detector has been effectively utilized for data encryption 

and decryption. 
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Appendix B 

 

 

Figure B3.1. Powder XRD patterns of (i) ligand free Qdot and (ii) QDC. 

 

 

 

Figure B3.2. Photoluminescence spectra on addition of (i) 00, (ii) 0.99 μM, (iii) 1.99 μM, (iv) 

2.99 μM, (v) 3.98 μM, (vi) 4.97 μM and (vii) 5.96 μM HQS ligand to Mn2+ doped ZnS Qdot 

(λex= 330 nm). 
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Figure B3.3. (a) Transmission Electron Microscopy image (scale bar - 20 nm), (b) 

corresponding particle size distribution, (c) high resolution transmission electron microscope 

image (scale bar - 5 nm) (inset: marked are IFFT image) with lattice fringe spacing 0.3 nm and 

(d) SAED pattern of as-synthesized Qdots. 

 

Photoresponse of ZnS Qdot 

Figure B3.4. Photoresponse of only ZnS Qdot PD upon (i) 255 nm and (ii) 365nm irradiation. 
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Figure B3.5. Photoresponse of three (a) Mn2+ doped ZnS Qdot photodetectors and (b) Mn2+ 

doped ZnS Qdot complex photodetectors. 

Figure B3.6. Responsivity of eight (a) Mn2+ doped ZnS Qdot photodetectors and (b) Mn2+ 

doped ZnS Qdot complex photodetectors. The numbers in D represent specific detectors used 

for the study. 

Figure B3.7. Detectivity of eight (a) Mn2+ doped ZnS Qdot photodetectors and (b) Mn2+ doped 

ZnS Qdot complex photodetectors. The numbers in D represent specific detectors used for the 

study. 

 

TH-2992_166153002



  Appendix B 

 

86 

 

Table B1. Performance parameters of Qdot-PD and QDC-PD. 

 

 

Figure B3.8. Photoluminescence spectrum of Mn2+ doped ZnS Qdot at (A)λex=365 nm (B) 

Quenching of photoluminescence (λem=595 nm) of Qdot on successive additions of HQS ligand 

at λex=255 nm (C) Photoluminescence of QDC on increasing concentration of HQS ligand in 

Qdot dispersion at λex=365 nm. 

 

 

 

 

 

 

 Photocurrent Responsivity 

(mA/W) 

Detectivity (Jones) Dark 

Current 

tr/tf 

µs 

 UVA UVC UVA UVC UVA UVC   

Qdot 

(0 V) 

 185 nA   9.8   1.2 × 

1011 

6x 10-10A 65/130 

QDC 

(0V) 

90 nA  4.8  6.6 × 1010  5x10-10A 65/130 

Qdot 

(3V) 

2.05 

µA 

6.59 

µA 

87±23  0.3±0.02 

× 103 

4±1 × 1010  1.7±0.2 × 

1011  

4 x 10-7 A 65/130 

QDC 

(3V) 

4.21  

µA 

1.82  

µA 

0.2±0.02 

× 103 

81±10  1.2±0.2×1011  5±1 

×1010  

2.1 x 10-7 

A 

65/130 
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Figure B3.9. Transient characteristics under Zero bias (a) Qdot-PD and (b) QDC-PD. 

 

Table B2. Comparison table on device performance. 
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Chapter 4 

Gold Nanoparticle Network based Tactile Sensor for Human 

Activity Recognition  

 

 

Abstract 

Strain-based complex functionalities in response to external physical stimuli is significant for 

the development of intelligent robotic systems. Herein, we have developed an assembly of 

gold nanoparticles (Au NP-PA network) through ligand interaction with short linker molecule 

2-picolylamine (PA). With sub-nanometer spacing between the nanoparticles (NP), the 

network promoted strain sensitive carrier tunnelling between them. A multi-stimuli 

responsive tactile sensor based on these NP networks and a lithographically patterned PDMS 

microstructures were developed that effectively transduced mechanical strain to electrical 

responses, and could identify variable weights, detect finger touch patterns and was ultra-

sensitive to vibrational movements. Different physical activities such as jogging, leg 

movements, and standing from sitting postures were identified using the system. A 

significantly high gauge factor of 243±10 associated with the Au NP-PA network was 

recorded. In addition, it exhibited strain-dependent plasmonic-photodetection with a 

responsivity of 309 mA/W at a tensile strain of 3.7%. The multi-stimuli responsive Au NP-

PA network demonstrated here opens up new perspectives to develop artificially intelligent 

multifunctional systems.  

4.1 Introduction 

With the massive development of artificially intelligent technology, multifunctional flexible 

sensors are of utmost interest that functionally meet the demands of robotic interfaces, smart 

medical prognosis and flexible electronics.1-3 Human sensory system inspired tactile sensors 

with nanostructured materials such as metal oxides4, polymers and polymer composites5 are 

reported to emulate human tactile sensory and reflex behaviours driving the need of wearable 
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gadgets, primary healthcare platforms and electronic skin for robotic interfaces. In this regard, 

impressive tactile sensors are being developed that can perceive external mechanical stimuli 

such as, stress, strain, torsion, spatio-temporal touch patterns, heartbeat and breathing sequence 

and translate them into recognizable electrical signals or digital images. These sensors operate 

on the concepts of piezo-resistive,6, 7 piezo-capacitive3, 8 and tribo-electric nano generators 

(TENG),9-11 that mimic manual palpation as well as respond to neurovascular signals.  

In spite of progressive growth in strain and static pressure sensors, it is challenging to 

develop dynamic pressure sensors or vibration sensors due to their inherent latency in the 

sensor readout. Piezoelectric materials such as multiwalled carbon nanotube,7 reduced 

graphene oxide/PDMS composite12 and several other nanocrystal/PDMS composites13, 14 have 

been designed as vibration sensors. Moreover, TENG sensors have been effective and robust 

that can harvest mechanical vibrations and turn them into electrical signals due to the contact 

and separation between two materials.15 Crosslinked gold nanoparticle (Au NPs) have emerged 

as a new breed of piezoelectric transducers the sensitivity of which towards mechanical strain 

could be controlled with organic linkers such as marcaptopropanoic acids, 1,9-nonanedithiol,16 

tetra(ethylene glycol) dithiol17 and also introduce chemiresistive sensing abilities depending on 

the type and polarity of the linker molecule.18 However, strategically controlled higher order 

assembly of Au NP via ligand interactions has not been adequately investigated and hence 

leaves an ample room to capitalise on/exploit their importance as mechanoreceptors. 

Tactile sensors that can be driven by external stimuli such as light, in addition to 

cutaneous touch and mechanical strain simultaneously, would be novel for enhancing the 

multifunctional attributes. Developing a sensor that can detect diverse inputs accurately and 

concurrently still remains a challenge. In this context, assembly of metal nanostructures has 

attractive properties such as large surface area and high electrical conductivity due to carrier 

tunnelling in percolating network of NP assembly.17 Enhanced localized surface plasmon 

resonance (LSPR) in metal NP assembly,19, 20 supports their wide scale potential for plasmonic 

devices and photocatalytic applications over broad spectral range spanning from ultraviolet to 

the infrared. Therefore, synergistic coupling of LSPR and piezoelectric effect can modulate 

internal electric field that can regulate internal charge migration for potential applications in 

multifunctional tactile sensors. 

Herein, we have developed an assembly of Au NP through ligand interaction with short 

organic linker molecule 2-picolylamine (PA). The binding interaction between the linker and 

TH-2992_166153002



  Chapter 4 

93 

 

Au NP is via donor–acceptor interaction between pyridine-N and vacant orbital of Au through 

σ donation and π-back donation of valance electron from the polarized Au. Hydrogen bonds 

between the free NH2 group of PA attached to Au NP resulted in the formation of NP networks 

and sub-nanometer spacing between the units facilitated carrier tunnelling between them. A 

multi-stimuli responsive tactile sensor based on these NP network and a micro-patterned 

polydimethylsiloxane (PDMS) layer was demonstrated. The micro-patterned PDMS layer 

offered different compressive strains on the NP assembly that produced triboelectric responses 

due to contact electrification depending on the degree of external strain. The device response 

towards concave and convex bending, static pressure exerted by variable weights and finger 

touch patterns have been demonstrated. The fast responsivity of 20 ms produced vibrational 

transduction responses. A significantly high gauge factor of 243±10 was obtained, which 

implied its high sensitivity towards mechanical deformations. In addition, phtoresponsive 

characteristics of Au NP-PA assembly were recorded, which exhibited strain-dependent 

photoresponse characteristics. Responsivity of 309 mA/W and detectivity of 2.1x1010 were 

observed under a low mechanical strain of 3.7%. These piezo-phototronic responses of Au NP-

PA assembly, in integration with its tactile responses is thus a novel approach to design and 

fabricate multifunctional flexible electronic devices.  

4.2 Materials and Methods 

Materials: Si/SiO2 substrate, 184 silicone elastomer base and curing agent (Sylgard), Milli-Q 

(MQ) water, Au wire (Kurt J Lesker), hexamethyldisilazane (HMDS) (Himedia), S1813 G2 

positive photoresist (Microposit), MF-319 Developer (Microposit), gold(III) chloride (Sigma), 

trisodium citrate (Sigma), 2-picolylamine (Mark) and (3- mercaptopropyle) trimethoxy silane 

(fluka). 

Au NP Synthesis:  

Au NP was synthesized following a well-established method.21 27.2 mg trisodium citrate was 

dissolved in 50 mL water (MQ grade) in a round bottom flask and heated at 110 °C under 

continuous stirring. After an hour of stirring 246 µL of 29 mM HAuCl4 was added into the 

solution. The appearance of the mixture turned red after some time and the stirring was 

continued for another 30 min. Thereafter, the stirring was stopped and the red coloured 

dispersion was allowed to reach room temperature. Finally, the citrate stabilized Au NP 
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dispersion was centrifuged at 15000 rpm for 15 min and re-dispersed into the same volume of 

MQ grade water for further use. 

Au NP-PA network synthesis: 400 μL of 0.5 M PA solution was added into the 10 mL of Au 

NP dispersion and stirred for 1 h. After that the mixture was centrifuged at 15000 rpm for 15 

min and re-dispersed in the same volume of water (MQ grade). The colour transition from red 

to violet indicated the formation of assembled Au NP structures and was ready for further 

experimental use. 

Substrate cleaning: Glass substrates and Si/SiO2 wafers were successively cleaned with 

acetone, isopropyl alcohol and MQ grade water in an ultrasonic bath chamber and was dried 

under N2 gas flow. 

Device fabrication: Sylgard 184 silicone elastomer base and curing agent were thoroughly 

mixed in 10:1 ratio and degassed for 0.5 h to remove air bubbles and the mixture was spin-

coated at 500 rpm for 60 s on pre-cleaned glass substrates. The substrates were then heat treated 

at 70 °C for 2 h to harden the elastomer.  150 µm thick PDMS layer was finally peeled off from 

the glass substrate for further use (Figure C4.1 a, Appendix C). 

Electrode deposition: The PDMS substrates were placed on a PET substrate and was ozone 

treated for 30 minutes to increase the hydrophilicity of the surface. Gold electrodes were 

deposited with the help of a shadow mask through thermal evaporation system. The deposition 

was carried out for 5 minutes at 6 × 10−6 mbar chamber pressure and the rate of deposition was 

maintained at 4-10 Å/s. The substrates were annealed at 60 °C to get better adhesion of the 

electrodes. A gap of 40 μm between the electrodes were obtained the pictures of which are 

shown in Figure C4.1 b, Appendix C.  

Au NP - PA network film formation: 3-marcaptopropyle silane solution was cast over the 

Au electrode patterned PDMS substrate and was kept for 30 minutes. The solution was then 

removed and the substrate was thoroughly washed with MQ grade water. Then the dispersion 

of Au NP-PA network was cast over the electrodes and was vacuum dried. Au NP assembly 

dispersion was cast consecutively in a layer by layer fashion. FESEM images showed the 

coverage of the electrodes after 1st, and 6th layer depositions of the Au NP assembly (Figure 

C4.2, C4.3, Appendix C). For comparison, FESEM images of bare Au NP layer after 6th layer 

of deposition is shown in Figure C4.4 Appendix C.  
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Fabrication of micropatterned PDMS layer: The micropatterned top PDMS layer was 

fabricated by employing photolithography technique. First, HMDS primer was coated on pre-

cleaned Si/SiO2 substrate at 4000 rpm for 60 s and was heated at 175 oC for 15 min. 

Subsequently, a layer of microposit S1813 G2 positive photoresist was spin-coated at a spin 

speed of 3500 rpm for 1 min and the substrate was heated at 130 oC for 3 min. The desired 

pattern with a microdot structure of 2 μm was drawn using the Dilase 250. After UV exposer, 

the substrate was developed in the positive photoresist developer (Microposit MF-319 

Developer). The area where the UV was exposed forms a microstuctured puddle/ well and the 

unexposed area remains as is. This patterned photoresist layer on Si/SiO2 substrates were used 

as moulds to develop inverse of the pattern features i.e., microstructured crest/hill patterns on 

one side of the PDMS layer. PDMS elastomer was cast over the patterned Si/SiO2 substrates 

and degassed for 15 min to remove air bubbles. The substrates were then spin-coated at 300 

rpm for 60 s. After thermal curing, the substrate was dipped in isopropyl alcohol to lift-off the 

photoresist and thereby obtain the micropatterned truncated cone shaped patterns on the PDMS 

layer having a feature size of 3 µm-bottom diameter and 5 µm top diameter. To make the 

complete device, the Au NP – PA network deposited layer was used as the bottom layer and 

the micro-patterned PDMS layer was placed over it. Au electrodes of the base layer were 

extended to make further electrical measurements. 

4.3 Instruments Used 

1. Electrical Characterizations: All the electrical measurements were carried out in Keithley 

2614B source meter. 

2. Photolithgraphy: Micro-patterned structures on PDMS substrates were fabricated with the 

help of Mask writer (Dilase 250). 

3. FESEM: FESEM images of micropatterned PDMS layer and the Au NP film morphology 

and cross-sectional view of the PDMS layer were taken using JEOL JSM-7610F FESEM 

system. 

4. UV-Vis absorbance spectra:  UV-Vis absorbance spectra were recorded in Jasco V-360 

spectrophotometer. 

5. Morphological Characterization: Transmission electron microscopy (TEM) imaging, high 

resolution transmission electron microscopy (HRTEM), selected area electron diffraction 
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(SAED), and energy dispersive X-ray spectroscopy (EDS) characterizations were carried out 

in JEOL JEM-2100F transmission electron microscope (TEM) system.  

4.4 Materials Characterization and Device Architecture 

A structured two-dimensional network of NPs mimics an atomic crystal arrangement, where 

the NPs are not randomly arranged, but has a certain spacing between the NP centres and a 

two-dimensional repeating unit. Such an arrangement of NPs can be considered as a 

superlattice, that has a better stability and produces more uniform electromagnetic field than a 

random aggregate. Such NP frameworks also foster piezoelectric characteristics, where there 

is a strong correlation between external mechanical stimuli and tunnelling of carrier between 

adjacent units. To achieve this, we have considered PA as the functional linker molecule. The 

linker molecule was chosen in such a way that, it should be short enough to promote carrier 

tunnelling between the particles and also allow the formation of plasmonic hotspots and 

enhance hot carrier population in the NP network. Taking these factors into account, we have 

designed Au NP network composed of 18 nm diameter sized unit NPs and PA ligand 

molecules. When Au NP was treated with PA, pyridine-N site of PA molecule was bonded to 

the surface of Au NP and the free NH2 group of PA participated in inter-particle hydrogen bond 

formation with another PA attached on Au NP.22 The spherical shaped Au NP having average 

diameter of 18 nm and a higher order assembly of Au NP was observed from the transmission 

electron microscopy (TEM) image and a polycrystalline nature was observed from the selected 

area electron diffraction (SAED) patterns (Figure 4.1a, Figure C4.5, Appendix C).  The NP 

network led to an average inter-particle distance of 0.6 nm (Figure C4.6, Appendix C). For 

comparison, the TEM image of the bare Au NP is shown in Figure C4.7, Appendix C. FESEM 

images confirmed the higher order assembly of the NPs (Figure 4.1b). A schematic 

representation of the molecular interaction and the network formation is illustrated in Figure 

4.1c. The formation of Au NP-PA network can also be underpinned from the absorbance peak 

at 665 nm (Figure C4.8, Appendix C) in addition to absorbance peak of bare Au NP at 524 

nm.  
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Figure 4.1. (a) Transmission electron microscopy image of Au NP network, (b) field emission 

scanning electron microscopy image and (c) schematic of Au NP-PA network formation. (d) 

Schematic representation of fabrication procedure of the tactile sensor. Topography of 

micropattened layer at a (e) scale bar of 10 µm (inset: digital photograph) (f) scale bar of 1 µm 

(inset: individual truncated conical shape of the pattern).  

A substantial fraction of atoms near the Au NP surface, edge, or defect cites remains under-

coordinated and negative charges gravitate toward the outermost shells, leaving positive 

charges in the interior shells of Au NPs. These shifting charges are referred to as valance 

electrons and are locally polarised by the entrapped core electrons. This under-coordination 

induced quantum trapping and valance charge polarization significantly assist the Au-N 

binding process. Upon interaction with the PA ligand, lone pair of electrons from pyridine-N 

are transferred to the vacant orbital of Au through σ donation as a result of which the effective 

negative surface potential of citrate stabilized Au NP might have been enhanced after the 

attachment of 2-PA molecules at the surface. This bond is not completely a pure N–Au donor–

acceptor bond as π-back donation from occupied Au valence orbital to pyridine-N * orbital 

may also be present.23. As shown in the schematic in Figure 4.1c the hydrogen bonds between 

the free NH2 group of the ligand bonded to the Au NP facilitates the formation of the network.  

Detailed synthesis procedure of Au NP-PA network formation is described in the experimental 

section. Compositional distribution of Au NP-PA assembly was confirmed by energy-

dispersive X-ray spectroscopy (EDS) mapping, where the elemental distribution of nitrogen in 

2-PA and gold can be observed (Figure C4.9, C4.10, Appendix C).     
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 After achieving such a structure of Au NP network, we extended our research towards 

fabricating a tactile sensor from them. The tactile sensor was fabricated on a flexible 

polydimethylsiloxane (PDMS) substrate, where Au NP-PA network was grown covering the 

channel between the gold electrodes. The steps involved in the device fabrication process is 

schematically represented in Figure 4.1d. The electrodes with a channel length of 40 μm were 

fabricated using shadow mask through thermal evaporation method (Figure C4.1b, 

Appendix). The electrode deposited PDMS substrates were first treated with 3-mercaptopropyl 

trimethoxy silane (MPTES) to promote the adhesion of Au NP-PA network to the substrate 

and to obtain a homogeneous growth. The silane group of MPTES binds with the PDMS 

substrate and the -SH stretching has affinity towards gold surfaces. These thiol groups bind 

covalently with Au NPs and help in attaching them to the substrate. Such organosilanes such 

as 3-mercaptopropyl trimethoxysilane, 3-amino-propyle trimethoxy silane, 3-aminopropyl-

methyl-diethoxysilane are used to covalently attach Au NPs to silicon or PDMS substrates with 

the help of its anchoring thiol or amine group that has large affinity towards gold surfaces.17, 

24-26  

Subsequently, the dispersion of Au NP-PA assembly was consecutively cast over the 

treated surface and the channel coverage improved with the number of deposition cycles 

(Figure C4.2, C4.3, Appendix C). A homogeneous distribution was obtained after 6 layers of 

deposition that covered the channel area and long percolation channels of Au NP – PA were 

observed. On the contrary, 6 consecutive layers of bare Au NP deposition created a segregated 

NP film and the NPs were concentrated mostly at the circumference of the cast (Figure C4.4. 

Appendix C). A comparison study was carried out, where I-V responses of as-synthesised Au 

NP, Au NP-PA assembly and Au NP-PA assembly after treating the substrate with MPTES 

(Figure C4.11, Appendix C) were recorded. A higher current was observed in the Au NP-PA 

network device in comparison to as-synthesised Au NP- device, which could be due to cross-

linked NPs in the Au NP-PA network, that established conductive percolation channels 

facilitating carrier tunnelling between the particles. Negative surface potential of Au NP due 

to electron transfer from pyridine-N of 2-PA molecules to the vacant orbitals of Au through σ 

donation could be another plausible reason for observed enhanced current. The substrate treated 

with 3-mercaptopropyle trimethoxy silane recorded further enhancement in the current, which 

could possibly be due to the stronger attachment of the same to the substrate and the electrodes 

and uniform coverage across the channel.  
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Thereafter, to complete the sensor, a micropatterned PDMS layer was used at the top 

of the Au NP-PA network layer. This micropatterned flexible PDMS layer was fabricated using 

photolithography techniques, where lithographycally developed photoresist micropatterns over 

Si/SiO2 wafer served as the moulds. The regularly patterned wells/caves of the templet mould 

can be clearly observed (Figure C4.12, Appendix C). PDMS elastomer was spun over the 

templet, thermally cured and released to get the desired patterns, morphology of which is 

presented in Figure 4.1e, f. Truncated conical shapes with top diameter of 3 μm and bottom 

diameter 6 μm were obtained. The detailed device fabrication process is described in the 

experimental details section. The purpose of using this micropatterned top PDMS layer is to 

couple the triboelectric effects through contact electrification between Au NP- PA network and 

PDMS to generate tactile responses. Surface topography plays a critical role in enhancing the 

triboelectric effect due to effective increase in the contact area between the materials and also 

elevate sensitivity and the range of detection.27, 28 Triboelectric effects between different 

surfaces have been ascribed to charge transfer between the surfaces and have been utilised not 

only as a strain sensor but also as a novel technology that can harvest mechanical energy to 

electricity. 

4.5 Multi-Stimuli Responses 

To analyse the strain sensitivity, the skin-like flexible device was fixed on a PET substrate and 

device responses were recorded on mechanical concave (compressive strain) and convex 

(tensile strain) bending conditions. Strain experienced due to concave and convex bending 

angle can be obtained from the largely adopted equation below- 

ε =h/2R      4.1 

where, h and R represents the thickness of the device and radius of curvature on bending. On 

application of convex bending (strain, ε=1.5%) the output current of the device increased and 

upon releasing the strain the device response recovered to its original value (Figure 4.2a). The 

corresponding ΔR/R0 was observed to be 0.62 (62%) (Figure 4.2b). The bending responses of 

the device at different convex bending were monitored at a bias voltage of 0.5V and it has been 

observed that with increase in the bending angle (from ε =0.37% to ε=3.7%), the output current 

of the device increased (Figure 4.2c). Similarly, the electrical response of the device at concave 

bending angle (ε =1.5%) was also increased (Figure 4.2d) and the corresponding ΔR/R0 was 

observed to be 0.88 (88%) (Figure 4.2e). The response of the device at increasing concave 
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bending angle (ε =0.37% to ε=3.7%) exhibited increase in the output current and is shown in 

Figure 4.2f. 

Figure 4.2. (a) Electric response at a convex bending angle (strain=1.5%), (b) corresponding 

ΔR/R0 ratio and (c) response at convex bending strain of (i) 0.37, (ii) 0.75, (iii) 1.5%, (iv) 3.7%. 

(d) Electric response at a concave bending angle (strain=1.5%), (e) corresponding ΔR/R0 ratio 

and (f) response at concave bending strain of (i) 0.37, (ii) 0.75, (iii) 1.5%, (iv) 3.7%. (g) 

Response and decay profiles, (h) ΔR/R0 vs strain plot and (h) ΔR/R0 vs ε plot (i) compressive 

strain (concave bending) (ii) tensile strain (convex bending). 

The increase in the conductivity due to both convex and concave bending angles is 

possibly due to the combined effects of strain induced piezo-tronic effects and the triboelectric 

effects. Upon bending, the Au NP network would not only experience the concave and convex 

deformation but also the pressure exerted by the micropatterned layer. Thus, conductive 

pathways were established, which resulted in increase in output currents. Upon concave 

bending, the top layers of NP network would experience compressive strain and bottom layer 

would experience tensile strain, whereas, upon convex bending, the top layer would experience 

tensile strain while bottom layers would experience compressive strain. Effectively, either of 

concave or convex bending would generate piezotronic and triboelectric effects. So, an overall 

increase in the conductive channels could be expected, which would result in increase in the 
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current output. Upon increasing the bending angle, the contact area between the NP layer and 

patterned PDMS layer would increase and a larger pressure would be exerted to the NP 

network. Due to this, better conductive channels could be expected, which might possibly be 

the reason for increase in the current output with increase in the bending angle (Figure 4.2c, 

f). Fast response time of 20 ms and decay time of 20 ms under 0.5 V bias condition was 

observed (Figure 4.2g). ΔR/R0 ratio with concave and convex strain is represented in Figure 

4.2h. 100 cycles of convex bending responses were recorded (Figure C4.13, Appendix C), 

the results of which suggested fatigue robustness of the device response.  

Figure 4.3. (a) Current response of the device on contact and release of (i) 0.5 g, (ii) 1.5 g (iii) 

3.5 g (iv) 6.0 g, (b) current response under tapping action, (c) current response under tap hold 

and release action and (d) response to mechanical vibrations. 

To understand the pressure sensitivity, as a proof of concept, we have demonstrated the 

device’s capability to recognize different weights. Pressure sensors convert pressure stimuli to 

electrical signals. The network of Au NP-PA sandwiched between electrode patterned bottom 

PDMS layer and microstructured top PDMS was observed to be sensitive to pressure exerted 

by variable weights. For this experiment, weights of 0.5 g, 1.5 g, 3.5 g and 6g were used to see 

response of the device when placed over it. Oppositely polar responses on contact and release 

mode (Figure 4.3a) were observed i.e., on contact, a negative current pulse was observed, 

whereas after withdrawing the weight, a positive pulse was observed. With increase in the 

weight, greater current pulses were recorded possibly due to magnitude of stress in the region 
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of contact between the micropatterned layer and the Au NP-PA network layer.  Device 

responsivity towards pressure was due to triboelectric effect between the Au NP-PA assembly 

layer and the PDMS layer.  

Tribolelectric sensors work on the principle of generation of electricity due to contact 

electrification and electrostatic induction. When the two surfaces are in contact due to external 

stress, triboelectric charges are generated at the interface between the two the layers, i.e., 

positive charges are developed at the surface of one material and negative charges on the other 

(at the interface) according to their electron affinities. So, during contact, electrons from the 

AuNP-PA assembly are attracted towards the PDMS layer, which results in a negative current 

pulse and during release compensating charges give rise to the positive current pulse (Figure 

4.3a).27-29 So, alternating current outputs were observed for repeated contact and release action. 

Patterned PDMS structures in this regard enhance the generation of triboelectric charges and 

surpass the effects exhibited by flat/unstructured surfaces. This could be attributed to (1) 

generation of greater surface charges due to increased friction (2) change in the dielectric 

constants due to air voids and (3) ease of separation of triboelectric charges.30 It can be inferred 

from previous reports that, increasing the contact area between the surfaces substantially 

improves electrification process, and hence the device performance. Also, the deformation 

magnitude of microstructures critically influences the output response. The triboelectric charge 

generated could be quantified using the formula in Eq 4.1 and 4.2 (Appendix C) and it can be 

understood from the equation that the electric field generated is dependent on permittivity of 

air, amount of charge transferred and the relative dielectric constant of the dielectric layer. The 

voltage developed across the two layer could be represented by equation 4.5 (Appendix C) and 

is dependent on permittivity of vacuum, triboelectric charge density and the gap between the 

two layers.31 Therefore, the micropatterned PDMS layer having truncated conical shapes with 

a feature size of 3 µm (smaller diameter) conformed to deformed states corresponding to the 

pressure experienced by it due to the applied weight which altered the contact area and the 

distance between the two layers. This in turn, changed the air gap and friction between the two 

layers to produce triboelectric charges corresponding to the applied pressure. With this 

principle, the sensors can identify variable weights when placed over it. Current output due to 

contact electrification under multiple tapping on the device with finger under self-biased mode 

is presented in Figure 4.3b and output under tap hold and release mode is shown in Figure 

4.3c. The current output under each tapping action showed distinct oppositely polar peaks that 

corresponded to different stages of application of pressure. Furthermore, the quick triboelectric 
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charging/discharging mechanism allowed the detection of high-frequency contact vibrations. 

Damping peaks of the vibrational movement can be clearly observed (Figure 4.3d) and 

synchronicity can be established between dampening vibrational movements and the current 

output.  

4.6 Physical Activity Recognition 

Figure 4.4. (a) Response of the device while (a) standing from sitting position, (b) leg 

movements in sitting position, (c) contact and release of weight, (d) tapping action, (e) jogging 

and (d) leg movements in standing position. 

Considering its frequency responses, the device could be effectively employed in 

healthcare applications. For instance, the device was also used to recognize different physical 

activities. Experiments were carried out to document motion responses to physical activities 

such as sitting and standing, leg movements and jogging activities (Figure 4.4a-f). The device 

was paired to a microcontroller unit to record the device responses, and a moving average filter 

algorithm was employed to recognize the patterns. The sensor was tied to the wrist and 

responses were recorded corresponding to different physical activities. The physical activities 

were translated to contact and separation sequences between the Au NP-PA network and the 

micro-patterned layer. Figure 4.4a shows the records of the real time response while standing 

up from sitting position and sitting back. Two distinct peaks with different intensities 

corresponding to standing up (larger peak) and sitting down (smaller peak) were observed, 
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which could be due to muscular movements and vibrations. Figure 4.4b represents real time 

response of leg movements in sitting posture. With upward motion of the leg a positive voltage 

pulse was observed and while bringing it back to the rest, a small change in the voltage was 

observed. The measurements were carried out for alternate leg movements to confirm the 

responses. Placing and releasing of weight and tapping action on the sensor are shown in 

Figure 4.4c, d. On the onset of pressure due to weight and tapping action, an increased voltage 

pulse across the sensor was recorded and while releasing a decreased voltage pulse was 

observed, which could be attributed to contact electrification and electrostatic induction as 

discussed before. Real time response of jogging activity was recorded, which produced 

multiple peaks corresponding to the leg movements during the jogging activity (Figure 4.4e). 

The fast response time of the sensor enabled the detection of high frequency responses of leg 

movements during the activity. To obtain a clear picture about the responses of the jogging 

activity, responses due to leg movements in steady standing condition was observed. Figure 

4.4f represents the response corresponding to (alternate) leg movements in standing condition. 

These results supported that the responses were due to leg movements and not merely due to 

hand movements during jogging activity. Therefore, assessing the nature and frequency of 

device response, it could be applied to recognise human activities. Such systems find wide 

scale applicability as fitness bands, activity recognition bands in healthcare, prosthetics as well 

as in robotic interfaces. Novel flexible sensors based on piezo-resistive and piezo-capacitive 

sensing mechanisms are effective in detecting tactile responses but suffer from slower readout 

because of which they are not suitable for dynamic pressure sensing applications. In this regard, 

triboelectric sensing mechanisms have recently gained importance owing to their ability to 

meet the requirement of high sensitivity, increased detection range, zero power consumption 

and low cost of production. The device developed in this work not only responded to bending 

deformations but also to mechanical vibrations (dynamic pressure). The change in resistance 

of Au NP-PA network layer and the triboelectric contact potential developed are the key 

parameters for its high sensitivity towards physical deformations.  The combination of 

triboelectric potential and resistive responses are the main focus here to detect both static and 

dynamic stimuli together, mimicking the human sensory receptors. Such a system using 

controlled assembly of Au NP has not been reported before and its feasibility for use in 

wearable bands to monitor physical activities were demonstrated.   
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4.7 Piezo-Resistive Characteristics 

Figure 4.5. (a) Electric response at a convex bending angle (strain=3.7%), (b) corresponding 

ΔR/R0 ratio, (c) response at convex bending strain of (i) 0.37, (ii) 0.75, (iii) 1.5%, (iv) 3.7% 

and (d) ΔR/R0 ratio vs convex strain.  

To study the piezoelectric behaviour of the Au NP-PA assembly, the device responses at 

different bending angles (concave and convex) were observed without the micro-structured 

PDMS layer. It can be observed from Figure 4.5a, that the current output decreased with 

convex bending (tensile strain=3.7%). The corresponding ΔR/R0 can be observed in Figure 

4.5b where ΔR/R0 of 9±0.4 was observed for a tensile strain of 3.7%. Conversely, an increase 

in output current (decrease in device resistance) was observed, when concave bending angle 

(compressive strain) was applied (Figure C4.14, Appendix). ΔR/R0 ratio of 7±0.3 was 

observed for a compressive strain of 3.7%. For a highly sensitive stain sensor, a high value of 

gauge factor is desired. Gauge factor of the assembled Au NP-PA network was obtained using 

the standard and widely adopted formula:  

Gauge Factor (GF) = (ΔR/R0)/ε     4.2 
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Where, ΔR change in resistance due to the applies strain ε, R0 is the absolute resistance of the 

device. ε here was calculated using equation 1. The Gauge factor was found to be 243 ± 10 at 

a low applied strain of 3.7% (tensile strain). Sensing performance of a strain sensor was 

quantitatively measured by high gauge factor at a significantly low applied strain. However, it 

is extremely challenging to obtain gauge factor that is larger than 100 (Table C1, Appendix 

C). Therefore, such an approach of creating higher order assembly of uniformly spaced Au NP 

through molecular binding, would provide us with an easy and efficient route to develop 

piezoresistive sensors inheriting a high gauge factor. A decreasing trend of current was 

observed with increase in the tensile strain (Figure 4.5c). The corresponding ΔR/R0 ratio vs 

tensile strain is plotted in Figure 4.5d. A high gauge factor of 243± 10 for tensile strain and 

200 ± 8 for compressive strain demonstrated high strain sensitivity of the device making it a 

promising candidate for motion detectors and health monitoring systems. High sensitivity of 

the Au NP-PA network layer can be explained by tunnelling of electrons in between the NPs 

linked together by the molecular linker. As mentioned before, sub-nanometer range inter 

particle distance of 0.6 nm with negative surface charges facilitated enhanced charge 

conduction in the Au NP-PA network layer and exhibited strain sensitive output current. So, 

when tensile strain was applied, the Au NP – PA network conformed to a stretched state where 

the inter-particle distance increased, because of which carrier tunnelling between the NPs was 

reduced and we observed a reduction in the output current (Figure 4.5a). On the contrary, when 

compressive strain was applied, the inter-particle distance might have been reduced, which 

resulted in the increase in the output current (Figure C4.14, Appendix C). 

4.8 Piezo-Phototronic Detection 

We expanded our interest towards studying piezophototronic behaviour of Au NP-PA network 

by taking into account the surface plasmon resonance in metallic NPs. It is well established 

that in metallic nanostructures, when impinged with photons of appropriate energy, electron 

clouds (localized surface plasmons) are generated within the metal nanostructured framework, 

that collectively oscillates and is termed as surface plasmon resonance. Rupture of these 

oscillating electron clouds results in electron-electron scattering at the nanostructure surface 

and generation of high energy electrons known as hot electrons. These hot electrons, can be 

utilized for up-conversion of photonic energy to electric current (photoelectric efficiency) in 

photodetectors at the wavelength of resonance. Recent report from our group illustrated that 

the higher order assembly of Au NP exhibits higher degree of surface plasmons at the hot-spots 
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between the NPs, which facilitates interesting chemical reactions with enhanced reaction rate.32 

Therefore, we extended our interest towards studying piezo-phototronic behaviour in the Au 

NP - PA network. Photoconductive effects of these Au NP-PA network layers were 

investigated under white light illumination (2 mA/W, bias voltage = 0.1 V) (Figure C4.15, 

Appendix C). Compared to the device made with as-synthesised Au NPs, the Au NP-PA 

network device showed enhanced photoconductive properties. A typical Au NP-PA network 

device showed 2-fold increase in the photocurrent with good reproducibility and stability, 

whereas the as-synthesised Au NP device showed only 40% increase in the photocurrent 

generation (Figure C4.16, Appendix C). Wavelength dependent responsivity of Au NP-PA 

network device showed higher responsivity in comparison to as-synthesised Au NP device 

(Figure C4.16, Appendix C). In particular, the Au NP-PA device exhibited maximum 

responsivity of 2.5 A/W and detectivity of 3.5 × 1013 Jones between 650-700 nm whereas the 

bare Au NP device exhibited responsivity of 25 mA/W and detectivity of 3 × 1012 between 

500-550 nm wavelengths of irradiation. It was also observed that, the minimum voltage 

required to obtain the photoresponse in as-synthesised Au NP device was 2 V, whereas, high 

response was recorded for Au NP-PA network device for a bias voltage as low as 0.1 V (Figure 

C4.17, Appendix C). The enhanced photocurrent generation and low operating voltage in the 

Au NP-PA network device might be owing to a higher degree of Au NP aggregation, which 

created more surface plasmons and increased the hot carrier population in the Au NP-PA 

assembly. 

Subsequently, to illustrate the strain induced photoresponse, the device characteristics 

were investigated under tensile strain of 3.7%. It was observed that, the device exhibited 

photoresistive behaviour under applied mechanical strain i.e., the magnitude of output current 

decreased with tensile strain at an illumination intensity of 2 mW/cm2(Figure 4.6a). Figure 

4.6b demonstrated the strain modulated photoresponse, where increase in the tensile strain 

exhibited an increase in the photoresistive behaviour. In particular, higher photo-resistive 

behaviour was observed for tensile stain of 3.7% than that for a tensile strain of 0.37% at an 

illumination intensity of 2 mW/cm2. Greater mechanical strain on the NP assembly produced 

greater photo-response, indicating a strong synergy between the piezophototronic effect and 

LSPR. As discussed before, due to tensile strain, the Au NP network adopted a stretched 

conformation state where the interparticle distance increased as a result of which a poor carrier 

tunnelling could be expected between the NPs. 
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Figure 4.6. (a) Strain induced photoresistive characteristics of Au NP-PA assembly device 

(ε=3.7%), (b) photoresponse at a tensile strain of (i) ε=0.37% (ii) ε=0.7% (iii) ε=1.5% (iv) 

ε=0.37%, (c) photoresponse at ε=0.37% at illumination intensity of (i) 2 mW/ cm2 (ii) 1.5 mW/ 

cm2 (iii) 1 mW/ cm2 (iv) 0.5 mW/ cm2 and (e) responsivity vs strain plot of Au NP-PA assembly 

device. 

So, under light illumination, photoexcited hot carriers experienced a resistive pathway 

due to increase in the interparticle distance and underwent scattering within the system and 

thereby reduced the output current under applied tensile strain. In addition to this, internal 

heating within the framework due to carrier scattering may also have influenced the decrease 

in current upon photo-illumination.  Therefore, with an increased degree of deformations, 

greater photo-resistive behaviour was observed. Further to show the effectiveness of the Au 

NP-PA assembly device, the illumination intensity dependent photoresponse was measured at 

a tensile strain of 3.7% (Figure 4.6c) and with decrease in the illumination intensities from 2 

mW/cm2 to 0.5 mW/cm2, a decreasing photoresponse trend was observed. Responsivity vs 

tensile strain is plotted in Figure 4.6d where increase in responsivity with increase in the tensile 

strain was observed. For example, responsivities of 21 mA/W, 48 mA/W, 170 mA/W and 309 

mA/W were observed for tensile strain of 0.37%, 0.75%, 1.50% and 3.7%, respectively. These 

results demonstrated that the Au NP-PA network-based strain sensor is also capable of 
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detecting light at a low bias voltage of 0.1 V and the detection efficiencies can be modulated 

by mechanical strain due to their piezo-phototronic behaviour. A summary of performance 

parameters that compares previous research to ours is presented in Table C2 (Appendix C).  

4.9 Conclusions 

In a nutshell, a 3D network of Au NP was created through ligand interaction with PA ligand. 

The bonding between the Au NP and the ligand was explained based on the transfer of electrons 

from pyridine-N site of the ligand to the vacant orbitals of Au through σ donation. A probable 

π-back donation from Au valence orbital to pyridine-N * orbital was also involved in the bond 

formation. The 3D network of Au NP was formed through the hydrogen bonds between the 

free NH2 group of the ligand bonded to Au NPs. Based on these NP networks and a 

lithographically patterned PDMS microstructures, a multi-stimuli responsive tactile sensor was 

developed that effectively transduced mechanical strain to electrical responses. Micropatterned 

PDMS layer was used to couple triboelectric potential through contact electrification between 

the PDMS layer and Au NP-PA network. These highly sensitive devices could effectively 

distinguish between variable weights, detect finger tapping action and were also ultra-sensitive 

to vibrational movements. The proposed device recognised different physical activities like 

sitting-standing motion, jogging and leg movements, which validated its significance towards 

physical activity monitoring devices. These Au NP-PA network exhibited piezoresistive 

characteristics with a high gauge factor of 243±10, which was utilized to detect different degree 

of compressive and tensile strains applied to it. Enhanced photo responsive characteristics in 

assembled Au NP-PA network was used to detect visible light, which added to the 

multifunctional attributes of the tactile sensor. A responsivity of 2.5 A/W and detectivity of 3.5 

× 1013 Jones were observed in the Au NP-PA network device whereas, responsivity of 25 

mA/W and detectivity of 3 × 1012 were observed in Au NP device in flat condition. In addition, 

the Au NP-PA device exhibited strain dependent plasmonic-photodetection with a responsivity 

of 309 mA/W at a tensile strain of 3.7%. Its highly sensitive tactile responses together with 

strain sensitive photodetection performances led us to design and develop more comprehensive 

multifunctional tactile and piezo-phototronic sensors. The multi-stimuli responsive Au NP-PA 

network demonstrated here opens up new perspectives to develop artificially intelligent 

multifunctional systems and is promising in designing wearable bands for physiological 

activity monitoring. 
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Appendix C 

 

Figure C4.1. (a) Thickness of PDMS layer (150 µm) and (b) channel gap between the two 

electrodes. 

Figure C4.2.  FESEM image of the channel area after 6st layer of deposition of Au NP-PA 

network.   

Figure C4.3. FESEM image of the channel area after 1th layer of deposition of Au NP-PA 

network. 
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Figure C4.4. FESEM images of the channel area after 6th layer of deposition of bare Au NP. 

Figure C4.5. (a) Particle size distribution of Au NP and (b) selected area electron diffraction 

(SAED) patterns. 
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Figure C4.6. High resolution transmission electron microscopy image of Au NP assembly 

having average inter-particle distance of 0.6 nm. 

Figure C4.7. UV-vis absorbance spectra of Au NP and Au NP-PA network.  

Figure C4.8. Transmission electron microscopy image of Au NP. 
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Figure C4.9. (a) Transmission electron microscopy image of Au NP-PA network. Elemental 

mapping nanoparticle population showing the distribution of (b) Au NP and (c) nitrogen.  

Figure C4.10. TEM-EDX spectra of Au NP-PA network showing elemental composition of 

gold and nitrogen.  

Figure C4.11. Current Vs Voltage plot of (i) as synthesised- Au NP device, (ii) Au NP-PA 

assembly device and (iii) Au NP-PA device whose substrate was treated with 3-

mercaptopropyle trimethoxy silane. 
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Figure C4.12. FESEM image of the mould used for developing patterned PDMS layer. (a) 

scale bar 10um (b) scale bar 1um (c) individual well developed on Si/SiO2 substrate. 

Figure C4.13. (a) Device response at convex bending angle for 100 cycles. 

 

The strength of electric field between two layers of a triboelectric sensor can be represented by  

In the air gap    𝑬 =
𝝈𝟎−

𝑸

𝑺

𝜺𝟎
     4.1 

In the dielectric layer   𝑬𝟏 =
−𝑸

𝜺𝟎𝜺𝟏𝑺
     4.2 

TH-2992_166153002



  Appendix C 

118 

 

Where, σ0 corresponds to density of triboelectric charge; Q corresponds to amount the of 

transferred charge; ε0 corresponds to the permittivity of vacuum; ε1 corresponds to the relative 

dielectric constant of the dielectric layer and S corresponds to sensitivity. 

Open circuit voltage across the two layers can be represented as  

    𝑽𝒐𝒄 =
𝝈𝟎𝒅𝒕

𝜺𝟎
      4.3 

Where, d(t) represents the air gap. 

Table C1. Comparison of performance parameters 

Material Deposition method Detection 

range 

Response 

time 

Gauge 

factor 

Ref. 

AgNP PDMS stamping 0-25% 1s 2.05 at ε 

= 20% 

1 

AgNP/polyurethane Reduction reaction at 

Polyurethane 

substrate 

Upto 200% 239.7 ms) / 

(274.0 ms 

79, at  

ε =50% 

2 

8-MOA-exchanged 

Au NPs 

Layer by layer 

deposition 

0.075–0.785  26 at ε 

=0.075%  

3 

Ag nanoparticles/ 

Polyurethane- 

based stretchable 

fibers 

Reduction reaction at 

Polyurethane 

substrate 

  659 at ε 

=200% 

4 

1,9-nonanedithiol 

cross-linked gold 

nanoparticle 

Layer by layer sin 

coating and contact 

printing  

−0.12 < ε < 

0.12% 

 26  5 

Cross-Linked Gold 

Nanoparticles on 

Polyethylene 

layer-by-layer self-

assembly 

  25 6 

Silver Nanoparticles dropcast up to 25% 48 ms 60 7 

Crosslinked Au NP 

with tetra(ethylene 

glycol) dithiol (SH-

TEG-SH) linker 

consecutive batch 

deposition 

−0.63% to 

0.63% 

16.1 ms 126 8 

Silver Nanowire–

Elastomer 

Nanocomposite 

Dropcast and optical 

heating 

Upto 70% 200 ms 14 at ε = 

70% 

9 

Crosslinked Au NP 

with picolyleamine  

Layer by layer 

deposition 

-3.7% to 

+3.7%. 

40 ms 240±6 at 

ε =3.5% 

This 

work 

 

TH-2992_166153002



  Appendix C 

119 

 

Figure C4.14. (a) Electric response at a concave bending angle (compressive strain of 0.75%), 

(b) corresponding ΔR/R0 ratio. (c) Response and decay profiles and (d) |ΔR|/R0 ratio vs strain 

(concave bending).  

Figure C4.15. Photoresponse of Au NP-PA assembly device at an illumination intensity of 2 

mW/cm2 (bias voltage 100 mV).  

Figure C4.16. Comparison of (a) photoresponse characteristics of Au NP-PA assembly device 

and as-synthesised Au NP device at an illumination intensity of 2 mW/cm2 (bias voltage 2 V). 

Responsivity vs wavelength dependent characteristics of (b) as-synthesised Au NP device and 

(c) Au NP-PA network device. 
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Figure C4.17. Comparison of (a) photoresponse characteristics of as-synthesised Au NP 

device at a bias voltage of (a) 500 mV (b) 1 V (c) 2 V an illumination intensity of 2 mW/cm2. 

 

 

 

 

Table C2. Performance parameters of piezo-phototronic response 

Material Plasmonic Responsivity Detectivity Response 

time 

Piezo-

photo-

tronic 

Flexi-

bility 

Ref 

MAPbI3 

/NaYF4:Yb/Er 

upconversion 

nanoparticles 

yes 0.27 A W–1  0.76 × 1012 

Jones 

52 ms/. 67 

ms, 

 yes 10 

CsPbBr3 

microwire 

yes 4.2 A/W. 9.9 × 108 

jones 

4/15 ms yes yes 11 

All-Si based yes 94.5 mA/W  4.38 × 1011 

Jones 

0.4/ 1.3 

ms 

no no  

Au NP-PA 

assembly (flat 

condition) 

yes 2.5A/W 

 

3.5 × 1013 

Jones 

<20ms - - This 

work 

Au NP-PA 

assembly 

(e=3.7%) 

yes 309 mA/W 

 

2.16× 1010 

Jones 

5s/13s yes yes This 

work 
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Chapter 5 

Summery and Future Prospects 

 

 

5.1 Conclusions 

The dissertation work is focused on solid state semiconducting device fabrication using 

functional nanomaterials targeted towards optoelectronic and mechanoreceptive sensors. In 

particular, charge transport characteristics of white light emitting Qdot complex (QDC), 

performance of self-powered UV detector based on the QDC and multi-stimuli response of a 

tactile sensor based on nanoparticle assembly were studied. 

In brief, charge transport characteristics of white light emitting quantum dot complex 

(Mn2+ doped ZnS Qdot surface complexed with 8-hydroxyquinoline 5- sulphonic acid) was 

studied, which exhibited ambipolar transport characteristics in a thin film transistor framework 

with high carrier mobilities and ION/IOFF ratio. In addition, carrier hopping characteristics were 

analysed at low temperature regimes. Electron mobility and hole mobility in QDC system 

exhibited nearest neighbour hopping (NNH) characteristics between 257 and 357 K and 

variable-range hopping (VRH) characteristics between 77 and 217 K. 

Mn2+ doped ZnS Qdot being a wide band gap material, was used for fast UVC detection. 

The UV detection properties of QDC was also analysed and a shift in the detection band from 

UVC in Qdot photodetector to UVA in QDC photodetector was observed. The device 

operations under self-powered mode was analysed, which elucidated fast response and high 

responsivity and detectivity. The detectors were then incorporated with ARDUINO UNO 

microcontroller unit and the device responses were calibrated to selectively detect UVA and 

UVC in a portable prototype. On account of the white light emitting feature of QDC, it was 

used as an anti- counterfeiting ink for data encryption, where orange emitting Qdot was used 

as the interfering agent. 

A tactile sensor was developed by employing 2-picolylamine (2-PA) ligand mediated 

controlled assembly of gold nanoparticle (Au NP- PA) and lithographically patterned 
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polydimethylsiloxane (PDMS) microstructures. Ligand interactions enhanced the carrier 

tunnelling between the nanoparticles in the nanoparticle assembly and exhibited high piezo-

resistive characteristics with a gauge factor of 240±6. On application of external mechanical 

stimuli, the micro-patterned PDMS layer provided with different degree of pressure to the 

nanoparticle assembly, which was translated to electrical response in the tactile sensor. The 

tactile sensor was used to identify variable weights, vibrations, and tapping action. 

Subsequently, the photoresponse characteristics of the device were investigated under tensile 

strain.  The piezo-phototronic responses of Au NP-PA network device together with vibration 

and strain sensitivity make it a multifunctional tactile sensor, which could find potential 

applications in wearable electronics. 

5.2 Future Prospects 

White light emitters have significant importance in the commercial displays. Commercially, 

white light emission is obtained from multicomponent systems. However, white light emission 

from a single moiety is vital and has multifaceted importance in terms of reduced device 

complexity and internal losses. Therefore, electroluminescence characteristics of white light 

emitting Qdot complex - reported in the thesis - is an important aspect that could be studied.  

The surface complexation routes to alter the absorption and emission properties of the 

photoactive material could be studied for detection of specific spectral bands. Heterostructured 

devices with 2-D nanomaterials could be perused targeting an enhanced responsivity and self-

powered detection. 

Ligand mediated nanoparticle assembly has significant importance towards plasmonics 

and catalytic applications but are less explored for applications as plasmatic photodetectors as 

well as flexible sensors. Polymeric composites of such nanoparticle assembly could be used to 

fabricate piezo-resistive, piezo-capacitive, and piezo-electric flexible sensors that are important 

in the field of wearable electronics for potential applications towards health monitoring 

systems, smart watches, electronic skin etc. Such compositions could also be perused to 

fabricate energy harvesters. Au NP network could also be studied as conductive inks for 

printable electronics pertaining to its greater conductivity due to favourable carrier tunnelling. 

Data processing and wireless transmission is the bottleneck in designing such sensors. 

Transmitting data wirelessly limits the area of coverage whereas, wired data transmission 

increases the device complexity and latency. In addition to this, sensor outputs from arrayed 
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units need to be differentiated and comprehended for each actuation event. This would require 

large number of data handling, calibrations, signal processing and filtering so as to achieve 

optimal efficiency with highest precision. Thus interdisciplinary approach of cloud computing, 

machine learning, big data analysis along with the design and development of sensors hold 

promise for successful shift from silicon technology to flexible and printable technology. 
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