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ABSTRACT 

 
Development of Low-dimensional Metal Oxide Transistors for Biochemical 

Sensing Applications  

Wejdan Alghamdi  

 

In the last two decades, there has been considerable development for biosensor devices 

as the need to more efficient sensing systems is increasing for monitoring the progress of 

medicine and help with the early diagnosis of the pathogens and treatment of diseases 

that would reduce the cost of patient care. DNA sensors, in particular, have attracted 

attention due to their abundance of practical applications in clinical diagnoses and genetic 

information which increase the demand for DNA probes. On the other hand, the 

development of the oxide semiconductors thin film transistors (TFT) devices have been 

greatly increased, owing to their superior electrical properties, lower cost and large 

coverage areas. Building a bridge across biological elements and electronic interface using 

advanced (TFT) platforms are based on materials design and device architecture. Here, a 

solution-processed multi-layer metal oxide (TFT) is explored as a novel DNA sensor. The 

device engineering combines the novel hetero-structure metal oxide channel that can 

sustain a 2-dimensional electron gas (2DEG) which leads to a higher mobility and surface 

functionalization capacity to create an ultrasensitive, highly stable, and versatile DNA 

sensor. The prototype solid-state TFT sensor features a sub-10 nm-thick metal oxide 

heterojunction channel of a In2O3 and a top ZnO layer. The devices developed here rely 

on a pyrene-based molecule as the receptor unit that is known to intercalate into double 

stranded DNA with a very high-affinity constant and at very low concentration.  

 

  



5 
 

ACKNOWLEDGEMENTS 
 
 
 
I would like to thank my committee chair, Prof. Thomas Anthopoulos and my committee 

members, Prof. Iain McCulloch and Prof. Sahika Inal, for their guidance and support 

throughout the course of this research. 

My appreciation also goes to my friends and colleagues and the department faculty and 

staff for making my time at King Abdullah University of Science and Technology a great 

experience. I also want to extend my gratitude to all the King Abdullah University of 

Science and Technology Professors and students who were willing to participate in the 

study. 

Finally, my heartfelt gratitude is extended to my parents for their encouragement, 

patience and support. 

 

 

 

 

 

 

 



6 
 

TABLE OF CONTENTS 

 
EXAMINATION COMMITTEE PAGE.................................................................................... 2 

ABSTRACT ..................................................................................................................... 4 

ACKNOWLEDGEMENTS ................................................................................................... 5 

TABLE OF CONTENTS ...................................................................................................... 6 

LIST OF ABBREVIATIONS ................................................................................................. 8 

LIST OF ILLUSTRATIONS .................................................................................................. 9 

Chapter 1: Introduction .................................................................................................11 

1.1 Biosensor definition and background......................................................................11 

1.2 DNA sensors ........................................................................................................13 

1.2.1 Research about DNA sensors ...........................................................................14 

1.2.2 Transistor-based DNA sensors .........................................................................16 

1.3 Aim of this work...................................................................................................21 

Chapter 2: The principles of metal oxide thin film transistors .............................................22 

2.1 Metal oxide transistors structure and operation ......................................................22 

2.2 Thin-film transistor operation ................................................................................25 

2.3 Metal oxide semiconductor solution-processed and functionalization ........................27 

2.3.1 Solution-processed metal oxide semiconductor .................................................27 

2.3.2 In2O3/ZnO hetero-structure design ...................................................................29 

2.3.3 ZnO functionalization .....................................................................................31 

2.3.4 Pyrene-DNA intercalation ...............................................................................35 

Chapter 3: Experiment ...................................................................................................38 

3.1 Materials, Methods and Fabrication .......................................................................38 

3.2 The electrodes design ...........................................................................................39 

3.3 Devices electrical and optical characterization .........................................................40 

3.3.1 Spectroscopic Ellipsometer..............................................................................40 

3.3.2 Atomic Force Microscopy (AFM) ......................................................................41 

3.3.3 Ultraviolet-visible Spectroscopy (UV-vis)...........................................................41 

3.3.4 Transistor electrical characterization ................................................................42 



7 
 

3.3.5 Thermal cycler ...............................................................................................42 

3.3.6 Electrodes deposition .....................................................................................43 

Chapter 4: Results and discussion ...................................................................................44 

Chapter 5: Conclusion ................................................................................................55 

APPENDICES .................................................................................................................56 

REFERENCES..............................................................................................................58 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



8 
 

      

LIST OF ABBREVIATIONS 
 
 
FET    Field effect transistor 
TA    Thymine-Adenine double-stranded DNA 
dsDNA   Double-stranded DNA 
ssDNA   single-stranded DNA 
GO   Graphene oxide 
MO                   Metal oxide semiconductor  
PBA    Pyrene butyric acid  
BA   Butyric acid 
SAM    Self-assembled monolayer  
THF    Tetrahydrofuran  
 
 
 

 

 

 

 
 

 

 

 

 

 



9 
 

 

LIST OF ILLUSTRATIONS 
 

 
FIGURE 1.1: THE BIOSENSOR TRANSDUCER CLASSIFICATION: OPTICAL, ELECTROCHEMICAL, TRANSISTOR-

BASED AND PHYSICAL TRANSDUCERS. ..............................................................................11 
FIGURE 1.2: A) DNA DOUBLE HELIX STRUCTURE. B) THE BASE PAIRS FORMATION AND THE 3' AND 5' ENDS 

ANTIPARALLEL MATCHING. C) THE CHEMICAL STRUCTURE OF DNA BACKBONE AND NITROGENOUS 

BASES IN THE MIDDLE[1]..................................................... ERROR! BOOKMARK NOT DEFINED. 
FIGURE 1.3: OECT AND OFET ARCHITECTURE REPORTED IN THE LITERATURE AS POSSIBLE BIOSENSORS. THE 

RED CIRCLE INDICATES THE DIFFERENT INTERFACES INVOLVED IN THE DETECTION OF BIOMOLECULES.
 .................................................................................. ERROR! BOOKMARK NOT DEFINED. 

FIGURE 2.1: A) THE GENERAL STRUCTURE OF THE METAL OXIDE SEMICONDUCTOR THIN FILM TRANSISTOR. B) 

AFTER APPLYING A POSITIVE VOLTAGE THE CHARGES ACCUMULATE AT THE DIELECTRIC INTERFACE. C) 

THE CURRENT FLOW IN THE LINEAR REGIME. D) WHEN THE CHANNEL REACH THE SATURATION, THE 

NUMBER OF ELECTRONS FLOW FROM THE DRAIN IS THE SAME. ..... ERROR! BOOKMARK NOT DEFINED. 
FIGURE 2.2: A CROSS-SECTION OF THE FOUR DIFFERENT CONFIGURATIONS THAT THE THIN-FILM TRANSISTOR 

CAN HAVE. A: BOTTOM-GATE (INVERTED) STAGGERED TFT, B: BOTTOM-GATE (INVERTED) COPLANAR 

TFT, C: TOP-GATE STAGGERED TFT AND D: TOP-GATE COPLANAR TFT ...... ERROR! BOOKMARK NOT 

DEFINED. 
FIGURE 2.3: A) HRTEM ANALYSIS OF SOLUTION-PROCESSED IN2O3/ZNO HETERO-STRUCTURE ON SIO2 

DIELECTRIC. B) THE ENERGY BAND DIAGRAM OF THE IN2O3/ZNO HETERO-STRUCTURE [3]...... ERROR! 

BOOKMARK NOT DEFINED. 
FIGURE 2.4:A) ABSORBANCE SPECTRA OF THE PYRENE IN SDS AND OF THE DNA. B) THE ELECTRONIC 

ABSORPTION SPECTRA OF THE PYRENE MIXED WITH DNA WITH AND WITHOUT SDS.  C) THE DNA 

SUBTRACTED SPECTRA FROM PYRENE IN DNA (DOTTED LINE) AND PYRENE IN DNA WITH SDS (SOID 

LINE). .......................................................................... ERROR! BOOKMARK NOT DEFINED. 
FIGURE 2.5: (A) MOLAR EXTINCTION COEFFICIENT AND (B) RELATIVE FLUORESCENCE INTENSITY (ΛEX = 335 

NM) OF FREE (SOLID LINE) AND BOUND (BROKEN LINE) FORM OF PYRENE WITH CT-DNA. (C) 

SCHEMATIC DEPICTION OF THE PYRENE INTERCALATION INTO THE DSDNA.... ERROR! BOOKMARK NOT 

DEFINED. 
FIGURE 3.1: (A) THE GEOMETRICAL DESIGN OF THE ELECTRODES ON ONE SUBSTRATE, 16 DEVICES WITH 

SENSING AREAS IN THE MIDDLE, THE DIMENSIONS OF THE DEVICES ARE IDENTICAL AND SHOWN ON THE 

UP RIGHT ONE. SYMMETRIC OFFSET OF ELECTRODES IN THE MIDDLE DEVICES (B) ASYMMETRIC OFFSET 

OF THE SIDES DEVICES SHOWN IN (C)..................................... ERROR! BOOKMARK NOT DEFINED. 



10 
 

FIGURE 4.1: A) AFM IMAGES OF SIO2, IN2O3 AND IN2O3/ ZNO BILAYER, TO SHOW THE CHANGE IN THE 

ROUGHNESS WITH EACH LAYER. B) HISTOGRAM CURVE OF THE ROUGHNESS. . ERROR! BOOKMARK NOT 

DEFINED. 
FIGURE 4.2 (A) TFT ARCHITECTURE EMPLOYED WHERE THE SURFACE OF THE HETEROJUNCTION CHANNEL IS 

FUNCTIONALIZED WITH THE PBA SAM SHOWN IN (B). .............. ERROR! BOOKMARK NOT DEFINED. 
FIGURE 4.3: CONTACT ANGLE MEASUREMENTS BETWEEN A WATER DROPLET AND THE ZNO LAYER SURFACE 

(A) AND ZNO+PBA SURFACE (B). THE DROPLET IN THE SENSING AREA DURING THE ACTUAL 

MEASUREMENT IN (C)....................................................... ERROR! BOOKMARK NOT DEFINED. 
FIGURE 4.4: (A) UV-VIS ABSORBANCE MEASUREMENTS OF PBA APPLIED ON QUARTZ SUBSTRATE. UV-VIS 

ABSORBANCE PRISTINE ZNO AND ZNO+PBA LAYER (B). ............ ERROR! BOOKMARK NOT DEFINED. 
FIGURE 4.5: THE DEVICE PERFORMANCE BEFORE AND AFTER ADDING THE PBA FOR THE TRANSFER 

CHARACTERISTIC (A) AND THE OUTPUT CHARACTERISTIC IN (B). .... ERROR! BOOKMARK NOT DEFINED. 
FIGURE 4.6: (A) TRANSFER CHARACTERISTICS OF TFTS MEASURED BEFORE AND AFTER APPLICATION OF A 

WATER DROPLET ON THE SURFACE OF THE PAB-FUNCTIONALIZED TRANSISTOR CHANNEL. (B) OUTPUT 

CHARACTERISTICS OF THE SAME TFT. .................................... ERROR! BOOKMARK NOT DEFINED. 
FIGURE 4.7:  THE REAL-TIME MEASUREMENT OF THE DI WATER DROPLET IN THE SENSING AREA AT A FIXED 

GATE AND DRAIN VOLTAGE OF 3V.  LOGARITHMIC SCALE IN (A). LINEAR SCALE IN (B)............. ERROR! 

BOOKMARK NOT DEFINED. 
FIGURE 4.8: SINGLE STRANDED DNA (SSDNA) T20 (A) AND DOUBLE STRANDED DNA (DSDNA) (B), OF 

DIFFERENT SEQUENCES WERE APPLIED TO TEST THE RESPONSE OF THE SENSOR. ...........................51 
FIGURE 4.9: A) THE VG IS FOUND TO SHIFT WITH INCREASING DSDNA CONCENTRATION UP TO A POINT 

BEYOND OF WHICH IT APPEARS TO SLOWLY SATURATE. NO SUCH SYSTEMATIC SHIFT CAN BE DETECTED 

FOR SSDNA AS EVIDENT IN FIG. 17A. (B)  THE AREAL INCREASE IN THE CARRIERS  ΔNAREAL CALCULATED 

FROM THE SHIFT IN THE TURN-ON VOLTAGE OF THE DEVICE UPON APPLICATION OF DIFFERENT 

CONCENTRATION OF TA20. .........................................................................................53 
FIGURE 4.10: (A) THE VG SHIFT UPON ADDING 100 NM TA20 WITH THE PRESENCE OF PBA. B) THE 

DEVICE WITHOUT PBA AND AFTER ADDING 100 NM TA20 THAT SHOWS NO SIGNIFICANT EFFECT. ..53 
FIGURE 4.11:  REAL-TIME MEASUREMENT OF DIFFERENT TA20 CONCENTRATIONS AS A FUNCTION IN TIME. 

AT FIXED VG AND VD VALUES THE CURRENT INCREASED GRADUALLY BY INCREASING THE 

CONCENTRATION.......................................................................................................54 
 

 
 
 
 
 
 
 



11 
 

 
 
 
 
 
 
 
 
 
Chapter 1: Introduction  
 
1.1 Biosensor definition and background  
 

A biosensor device can be viewed as a system that can convert the biological interaction 

into measurable signals. The concept of the biosensor was first introduced by Leland C. 

Clark when he invented the oxygen pressure sensor in 1962 [4]. The idea is to have the 

oxygen passes selectively through a membrane and reduces at a gold cathode and 

produce an electrical current that proportional to the amount of transformed oxygen. The 

process is a concentration-dependent and can be used to measure the concentration of 

oxygen in the blood, water, and many different solutions. The development of the 

biosensor concept after that has dramatically increased over the past decade using 

different electrical and optical methods [5],[6]. Typically the biosensors can be divided into 

three main components: the microelectronic output system, the transducer, and the 

biological recognition, which is the bio-receptor that is connected to the transducer. The 

bio-receptor is chosen to react with the biological elements that meant to be sensed such 

as proteins, enzymes, antibody/antigen and nucleic acid (DNA/RNA). For electrical 

methods, for example, these biological elements bind to the receptor and produce a 

measurable electrical response, such as creating free charges, ions or heat that can then 

be transferred by the transducer to the signal processing system. Figure 1.1 shows the 

biosensor classification according to the types of transducer that divides into four main 

classes. First, the optical detection that can measure the change in the polarization, 

amplitude or frequency of the incident light using different spectroscopy techniques, such 
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as Surface Plasmon Resonance (SPR), Raman FTIR and UV-vis/FL spectroscopy which can 

be very selective and fast process and can also be suitable for in vivo measurements [7]. 

The optical measurement branches into fluorescence target-based detection, label-free 

detection, colorimetric analysis and interferometry [8] .The second class is physical 

transducers including piezoelectric, magneto-elastic biosensors that can measure a minor 

change in the mass at the crystal surface. The thermometric transducers have been also 

used for the enzymes sensors where the heat of the enzymatic reaction can be measured 

and analyzed under different concentrations. The third class is the electrochemical 

system that can measure the oxidation and reduction that are produced from the 

biological interaction by detecting an electrical property such as current or impedance. 

The amperometric transducer is the most successful method among the electrochemical 

class, and it is also commercially available [9] .Finally, the biosensor transduces based on 

solid state physics that can be divided into an electrochemical transistor and thin film 

transistor biosensor.  The electrochemical transistor has been first introduced in the 

1980s [10] and taking great attention in bioelectronics technology. It has source and drain 

electrodes connected with a semiconductor channel that is in contact with electrolyte 

gate. The operation of the device is based on the injection of the ions from the electrolyte 

into the semiconductor channel that will act as dopants and change the total conductivity. 

[11] This type is extensively used in point-of-care devices due to their simplicity, low cost, 

and easy operation. It transduces a small gate voltage into a large drain current which 

gives the motivation to explore this field as a highly sensitive device. The fabrication of 

the electrochemical transistors is done by photolithography techniques or printing 

systems taking a benefit of using an organic material that can form flexible and 

stretchable devices which can be involved for in-vivo applications. The other promising 

approach is the field effect transistor (FET) based biosensor. Along with all the advantages 

of the electrochemical transistor, the FET-based biosensor has a higher sensitivity and a 

faster direct response. This method is the one used in this project and is explained in detail 

in chapter 2. The need to develop more efficient biosensors has been increasing every 

year. The development of biosensor technology can monitor the progress of medicine 
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because the high sensitivity and specificity can help with the early diagnosis of the 

pathogens and treatment of diseases such as cancers and diabetes, and that would 

reduce the cost of patient care that has been estimated to be around $70-90 billion. [12] 

It also plays a significant role in agriculture, security, safety, food, and water, as well as 

pharmaceutical, environmental and industrial monitoring. Using biosensors in these fields 

provides fast, accurate and real-time information. 

 

 

1.2 DNA sensors  
 

The development of DNA sensors, in particular, has attracted attention due to its 

significance and abundance of practical applications in medicine, clinical diagnoses, and 

genetic information. Deoxyribonucleic acid (DNA) is the crucial element in all known living 

organisms that carries all the information the body needs to grow and survive. The basic 

form of DNA is shown in figure 1.2(a) [1] . It consists of two strands coiled around each 

other to form what is called a double helix structure. Each strand is a sequence of units in 

a specific order called nucleotides. Each nucleotide consists of three parts: five-carbon 

sugar, a phosphate group and nitrogenous base arranged as shown in Figure 1.2 (c). The 

 
Figure 1.1: The biosensor transducer classification: optical, electrochemical, transistor-based and physical transducers. 
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phosphate group is attached to the sugar to form a sugar-phosphate backbone, stacking 

the nitrogenous bases inside the double helix. The way the triphosphates combine by 

covalent bonds is known as phosphodiester bond 5’-3’, where the phosphate group is 

attached to the hydroxyl group of the 3’ carbon of the sugar of the next nucleotide. The 

double helix structure is made of antiparallel strands so that the 5’ end of the strand faces 

the 3’ end of the other strand.  In this order, the sides of a strand contain a free phosphate 

group at the 5’ end and a free hydroxyl group at the 3’ end that could be used for labeling 

purposes. 

The nitrogenous bases are adenine (A) and guanine (G), which are known as purines; they 

have a double ring structure of both six- and five- carbon rings. The other bases are the 

pyrimidines, cytosine (C) and thymine (T), which are smaller than the purines and have 

only a six-carbon ring structure. In the 1950s, a remarkable observation by Erwin Chargaff 

was made during his study of the nitrogenous bases, that the amount of the thymine and 

adenine are equal, as are the amount of the cytosine and the guanine [13]. These pairs of 

A=T and C≡G are stabilized by two and three hydrogen bonds, respectively.  

Understanding DNA leads to a vast knowledge of understanding how our bodies work, 

identifying genetic disorders [14] ,investigations of the food and water contaminated by 

microorganisms [15] and many other applications. 

 

Figure 1.2: a) DNA double helix structure. b) The base pairs formation and the 3' and 5' ends antiparallel matching. c) 
The chemical structure of DNA backbone and nitrogenous bases in the middle[1]. 
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1.2.1 Research about DNA sensors  
 

There are different techniques to probe DNA, depending on which transducer class is 

used, or the bio-receptor type. One of the early methods is known as the hybridization 

process, and the strategy of this process is to use a single-strand DNA as a receptor with 

known bases order to detect the targeted/complementary DNA after pairing the bases. 

The chemical reduction that is produced by hybridization creates charges that can be 

detected either optically using surface-enhanced Raman spectroscopy (SERS) for example 

[16] or electrochemically using impedance spectroscopy technique [17]. Hybridization 

principle can be measured using different transducer classes, and it plays an essential role 

in understanding the genes order/disorder, based on the nitrogenous bases order that 

can be determined by the hybridization analysis.  

Labeling DNA is another conventional technique, particularly in optical sensing such as 

using the energy transfer system in which the donor fluorescence is quenched in the 

presence of the acceptor. Adding targeted DNA creates wider separation between the 

donor and the acceptor and hence the fluorescence will be decreased, depending on the 

concentration of DNA [18]. Along with many organic molecules and upconversion 

nanoparticles that have been used for the donor, the graphene oxide (GO) as a quencher 

is one of the best candidates for this method. Unlike double-strand DNA (dsDNA), single 

strand DNA (ssDNA) has a high affinity for GO surface due to the hydrophobicity and the 

π - π interaction between the aromatic groups of the bases and the sp2 unsaturated 

surface of GO [19, 20] . Therefore ssDNA can functionalize GO surface, and after 

hybridization with the targeted DNA, the difference in the GO affinity and the 

fluorescence can be detected [21] [22]. However, there are many limitations to this method 

as GO properties are not easy to control and the fabrication of the device needs 

considerable time and effort. DNA can be also optically sensed using 2D nanosheet 

materials such as molybdenum disulfide (MoS2) that used by Zhu et al. as single-layer 

MoS2-based fluorogenic nanoprobes. In MoS2, the molybdenum is sandwiched between 
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two layers of Suflur planes. By adding a dye-labeled ssDNA, MoS2 will adsorb it via van der 

Waals interaction between the planes and the nucleobases of the DNA that causes the 

fluorescence of the dye to quench [23]. Whereas if the ssDNA hybridized with the 

complementary target DNA the interaction with MoS2 is weaker since the bases are paired 

between the negatively-charged phosphate backbones that keep the DNA away from the 

positively-charged MoS2 planes. 

Similarly, WS2 nanosheet can adsorb ssDNA causes a fast quenching of a fluorescent dye-

tagged to the DNA [24]. Cobalt sulfide (CoS) and copper sulfide (CuS) show a high sensitivity 

spanning a range of low concentrations from 10-9-10-13 Molar [25]. Another component 

from the 2D nanosheet materials is MnO2 that has been reported by He at al. as a 

nanoplatelet where ssDNA attaches to it by van der Waals forces between the bases and 

MnO2 plane. The main attractive feature of this platform is that MnO2 can be synthesized 

at room temperature and used as quencher without further processing. It is also fast, 

inexpensive and can be used for deferent biological detection by replacing the ssDNA with 

a particular target [26]. 

1.2.2 Transistor-based DNA sensors  
 

The use of field effect transistors (FET) as charge-sensitive devices is an exciting method 

in biosensor application and DNA sensing in particular. The advanced fabrication process 

of (FET) devices makes it able to be scaled into micro and nano levels that enhance the 

electrical properties and lead to high sensitivity, rapid analysis and more efficient signals 

for sensing applications. Utilizing transistors as sensors have been increasing since the 

first development of the FET in 1970 [27]. In the field effect transistor devices, the current 

flow in a semiconductor channel between two electrodes, source, and drain, which 

controlled by a third electrode (gate) that is capacitively coupled through a thin dielectric 

layer (typically SiO2). The semiconductor can be an n-type or p-type based on the majority 

charge carriers that accumulate at the channel after applying a voltage on the gate 

electrode.Bio-FET sensors are designed based on the variation of either the charge 
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density or the electric potential at the channel region. It can be easily functionalized by 

having a receptor that will transfer the information from the biological element to the 

transistor. The adsorption of the biological molecules can be detected as a potential 

change on the surface, or a directly dopes the channel which leads to an increase in the 

conductivity. The transistors can be classified to organic electrochemical transistors that 

are based on the electrically conducting polymer (ECP) and solid-state field effect 

transistors that are designed as a thin film transistor with a semiconductor channel. 

Electrochemical transistors:  

The use of electrolyte-gate configuration has been a particular focus for biosensors in 

which it can be operated at low voltage (>1 V) due to the electrolytic capacitors, which 

makes it suitable for biological molecules in an aqueous media [28]. In figure 1.3, a typical 

structure of the electrolyte-gate transistor is shown [29]. The electrolytes are liquids 

consist of free ions that make them electrically conductive and can be polarized by 

applying a voltage on the gate electrode. Due to the difference in the electric potential 

between the metal electrode and the electrolyte, a thin electrical double layer of 

oppositely charged ions will form at the interface with the charged electrode. The dense 

material that is used in the electrolyte are not able to penetrate through the active layer 

which makes the device operates in a field-effect mode. The higher gate voltage applied, 

the more charges are piled up at the electrolyte-electrode interface where the potential 

drops across the two layers and the electric field increases. The electrolyte capacitance 

can be characterized by impedance spectroscopy where the total capacitor impedance 

can be measured as a function of the frequency of an applied voltage. The sensing 

performance in this type is based on the thickness of the gate insulators, the ionic 

strength of the solution determines the double-layer thickness, which called Debye length 

and has a typical value of around 1 nm [30]. 

 The operating mechanism of the electrochemical transistors is when the ions are 

transferred through the electric double layer and cause the electrochemical doping of the 
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active layer bulk which can significantly affect the drain current. The reason why this type 

of sensor has dominated the biosensor researches recently is that of its strong gate effect 

induced from the liquid phase analysis. For DNA-Electrochemical transistor sensor, the 

DNA hybridization method is also used to functionalize the transistor using ssDNA 

immobilized receptors where the complementary DNA can hybridize and produce 

different results in the transistor characteristic. Gold (Au) is commonly used for the gate 

electrode as well as for source and drain for this kind of transistor. Therefore, the ssDNA 

receptors can be thiolated where Sulfur is selectively attached to gold. Organic molecules, 

especially poly (3,4-ethylenedioxythiophene):poly(styrene sulfonic  acid)  (PEDOT:PSS), 

are the most common materials used for the active layer to form what so-called organic 

electrochemical transistors (OECTs) that can be operated at a drain voltage as low as -0.1 

V. After hybridization the distribution of the charges at the surface will change that lead 

to change in the potential of the gate surface. It is worth to mention in this type of 

measurements that the device has to be measured before adding the immobilized ssDNA 

and before the hybridization of the complementary DNA to confirm that the change in 

the analysis is referred to the DNA hybridization. The gate voltage shifts can be detected 

with a different concentration of the complementary DNA. Since the DNA is negatively 

charged, the higher the DNA concentration the larger the drop in the potential after 

hybridization which makes the shift in the gate voltage increase [31]. These devices can be 

highly sensitive by detecting as low as 1  nmol/L, and it was extended to  10  pmol/L by 

pulse-enhanced hybridization of DNA [32]. 

Organic-based materials are commonly used as the semiconductor channel in Electrolyte 

gate-DNA sensor. However, recent advances in nanomaterials has provided plenty of 

novel systems that combine ultra-high sensitivity and stability comparable to the organic 

field effect transistors. The most common applications in the new generation of the 

inorganic field-effect transistors (FETs) use the silicon nanowire[33], graphene oxide [34], 

quantum dots[35], metal oxide [36]and carbon nanotube[37]. 
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Field Effect transistor:  

The most common architecture used in the FET-based biosensor is using the organic 

materials for the semiconductor channel. In figure 1.3, the different configuration of the 

organic field effect transistors (OFET) are shown. OFET has been used as a DNA sensor 

where ssDNA immobilized on the organic semiconductor surface by physical adsorption 

force [38]. Feng et al. have demonstrated a simple strategy using organic thin film transistor 

with polymer poly (3-hexylthiophene) P3HT for the semiconducting channel and gold 

electrodes. They showed that the morphology of the thin film is a valuable property that 

affected the sensitivity [39].  

An alternative way of functionalizing the transistors is to modulate the source and drain 

electrodes which leads to a work function modification. Yan et al. reported an 

immobilized DNA on an Au source and drain surface could dramatically affect the current 

due to the increase of the contact resistance at the electrodes after hybridization [40] . The 

last configuration in figure 1.3 is the electrolyte-gated OFET that demonstrated by Kergoat 

 
Figure 1.3: OECT and OFET architecture reported in the literature as possible biosensors. The red circle indicates 
the different interfaces involved in the detection of biomolecules. 
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et al. of the possibility to gate P3HT with a simple droplet of water [41]. DNA immobilization 

was addressed by using a carboxylic acid derivative of P3HT to directly attach it on the 

semiconductor which causes a shift toward negative values. To compensate for the 

negative charges of the DNA backbone, more negative voltage needs to be applied on the 

gate electrode. After hybridization, the penetration of ions into the semiconductor bulk 

leads to an increase in the on current. Using organic materials for DNA sensor is still a 

promising open field and can be fabricated using simple methods such as solution-process 

and inkjet printing. 

 Another approach in the TFT-based sensors is using graphene transistors that have high 

sensitivity at a concentration as low as 10 pM which attributed to the negative doping to 

the device. All the thin film transistor DNA sensors are characterized based on the shift in 

the threshold of the gate voltage that can shift hundreds of millivolts to several volts [42]. 

The problem with graphene that it has a zero bandgap that make the transistor with 

graphene channel has a very low on/off current ratio which creates a high power 

dissipation which is not preferable in the circuit applications. 

While the other 2D materials such as molybdenum disulfide (MoS2), tungsten disulfide 

WS2 and most recently metal oxide semiconductors have shown a high on/off ratio and 

better transistor performance.  Molybdenum disulfide (MoS2) is one of the prototypical 

2D materials in the biosensor application, especially DNA sensors. It is also a highly flexible 

and transparent material that makes it possible to be fabricated for advanced medical 

applications [43]. It has been used as an ultra-sensitive label-free DNA sensor that was 

reported by Wang et al. [44]. They fabricated an ultra-thin nanosheet of Molybdenum 

disulfide (MoS2) that shows different affinity toward single or double strand DNA with a 

detection limit of 1.9×10-17 M. Other 2D metal oxide materials such as TiO2, MoO3, WO3, 

and ZnO have exceptional electrical properties and have been used as optical DNA 

sensors. Among the new components of metal oxide semiconductor family is Indium 

Gallium- Zinc oxide (IGZO) as has already show very high reliability and feasibility among 

all the thin film transistor and as DNA biosensor.  
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Hyun Jae Kim at al. investigated the immobilization of artificial DNA (a DNA manufactured 

for a technical use) on multi-stacked metal oxide [45]. Their method is to avoid the solvent 

effect using a double-crossover (DX) large-scale formation of 2D DNA nanostructure that 

has been artificially designed by the same group. After treated the device with the DX 

DNA, a negative shift in the on voltage and the subthreshold swing are detected, which 

was attributed to the negative charges of the DNA backbone. The metal oxide TFT-based 

biosensor has shown significant potential for biosensor applications and has shown a 

strong sensitivity and stability as a glucose and enzyme sensors. 

1.3 Aim of this work   
Here, a solution-processed multi-layer metal oxide thin film transistor (TFT) is explored as 

a novel DNA sensor. The first part of the thesis provides the necessary background of the 

operating principles and characterization of the metal oxide TFT that is required to 

understand the experimental findings to be presented thereafter. The same section also 

provides information about the solution process methods and chemistry employed. The 

prototype solid-state TFT sensor features a sub-10 nm-thick metal oxide heterojunction 

channel the surface of which functions as the exposed sensing area. The solution-

processed heterojunction channel consists of a In2O3 and a top ZnO layer which form a 

chemically-sharp hetero-interface. The following section 2.3.3 gives a review of the 

functionalization process of the metal oxide channel, and unlike the hybridization 

technique, the devices developed here rely on a pyrene-based molecule as the receptor 

unit. Pyrene is known to interact (intercalate) with double stranded DNA with a very high-

affinity constant and at very low concentration [46]. Pyrene-DNA intercalation has been 

extensively studied as an optical sensor, however, and to the best of my knowledge, this 

is the first attempt to exploit the specific intercalation interaction as the receptor unit in 

a biosensor TFT. Chapter 3 presents the experimental results and the relevant analysis 

and discussion. Emphasis is placed on the specific DNA -pyrene interactions and possible 

approaches for further improvement of the sensor’s sensitivity and selectivity. Finally, 

Chapter 5 provides a summary of the main conclusions and highlights future goals.  
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Chapter 2: The principles of metal oxide thin film transistors  
  

2.1 Metal oxide transistors structure and operation   
 

The main concept of metal oxide transistor has been first developed by Julius Lilienfeld in 

1925 [47].Later in Bell laboratory in 1959, the planar metal oxide semiconductor field effect 

transistor (MOSFET) was invented by Dawon Kahng and Martin Atalla [48]. It became 

commercially available in 1963 until today MOSFET is utilized in nearly all modern 

electronic systems to date. The MOSFET is a three terminal device, has a source, drain 

and gate electrodes that are fabricated using highly doped crystalline silicon. The 

advanced fabrication of this method makes it possible to fabricate billions of transistors 

on the same substrate/silicon chip. The TFT is another member of the broader transistor 

family. In the latter device, the semiconductor layer is deposited as a thin film instead of 

the monocrystalline silicon. Figure 2.1a shows the general structure of the metal oxide 

thin film transistor. The gate electrode is isolated from the semiconductor channel by a 

dielectric layer. The region between the source and drain electrodes represents the 

transistor channel where the electrical current flows. Other features of the channel, apart 

from the material it is made of, include its width (W) and length (L). The channel geometry 

is extremely important as it plays a major role in the current-driving capabilities of the 

device. A few examples of the metal oxide semiconductors includes, SnO2, ZnO, In2O3, 

Ga2O3 and their combinations, such as,  Indium-Zinc oxide (IZO),  Zn-Sn-O (ZTO) and In-

Ga-Zn-O (IGZO), all of which have shown excellent electrical features that make them 

good candidates for numerous future applications. Many of these metal oxide 

semiconductors combine high carrier mobility with high optical transparency (due to the 

wide bandgap that is typically  ≥ 3.5 eV) and superior chemical stability. These interesting 

characteristics are the result of the band structure of a metal oxides which is in turn 

attributed to metal ns orbitals, that form the conduction band minimum (CBM), and 
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oxygen 2p orbitals that form the valence band maximum (VBM). The latter combination 

often results to a highly dispersive CBM and a localized VBM, which in turn leads to a small 

effective mass for electrons i.e. high mobility [49]. 

Most of the metal oxide semiconductors exhibit n-type character while p-type oxides are 

still challenging to achieve. As already discussed, this is attributed to the anisotropic and 

localized oxygen 2p orbitals in the valence band that results to a large hole effective mass 

and thus low mobility [49]. Furthermore, due to the large band gaps of the majority of 

metal oxides, charge contribution via thermal generation of intrinsic carriers is relatively 

low, and the measured conductivity is attributed to defects such as oxygen vacancies and 

metal interstitials. The morphology of the oxide semiconductor films is also critical and 

affects the charge transport. To this end, Hosono et al. compared silicon and IGZO in their 

amorphous and crystalline phases. Single crystal silicon is known to achieve higher 

mobility due to the overlapping of the directional sp3 orbitals. However, in its amorphous 

phase, the sp3 orbitals are misaligned with adverse effects on the carrier mobility. In 

contrast, electron transport in IGZO relies on the interactions of the spherical s orbitals, 

which are large enough to overlap even in the amorphous phase [50] .The elements with 

(n-1) d10 ns0 configurations are examples of heavy metal cations that can form binary, 

ternary and quaternary oxide semiconductors.  

Applying a positive voltage on the gate electrode (VG) for n-type metal oxides generates 

an electric field that attracts the opposite charges (electrons) on the dielectric-

semiconductor interface where the channel is formed (figure 2.1b). The source and the 

drain electrodes that are in contact with the semiconducting channel can supply the 

electrons upon application of a source-drain (S-D) voltage (VD), resulting to a channel 

current (ID) flow (figure 2.1c). The source electrode is normally grounded and can be used 

as a reference for the potential applied to the drain and the gate electrodes.  Under 

constant VG and within the low VD range, the channel can be considered as a resistor with 

the current depending linearly with increasing VD. This region of operation is known as 

the linear bias regime. Increasing VD further leads to channel current being saturated i.e. 
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the number of electrons flowing between the source and the drain remains constant. This 

is the so-called saturation regime and is depicted schematically in Figure 2.1d. Two main 

sets of current-voltage (I-V) measurements can be performed to characterize the 

quasistatic performance of the TFT. The first is the acquisition of the transfer 

characteristics in the linear and saturation regimes. Here ID is measured as a function of 

VG at fixed drain voltage VD. Often two different VD values are chosen, one ensuring the 

TFT operates in the linear regime and a second one in the saturation regime. The second 

set of I-V measurements is the so-called output I-V curves, which show the evolution of ID 

as a function of VD at different fixed VG potentials.  

Important transistor operating parameters can be extracted from the transfer 

characteristics including, the carrier mobility, the threshold voltage (VTh), on/off channel 

current ratio, and the subthreshold swing (SS). The output characteristics on the other 

hand provide essential information about Ohmic nature of the injecting S-D contact, the 

output resistance of the device, and the overall quality of the transistor operation [51]. In 

Figure 2.2, a cross-section of the four different configurations that the thin-film transistor 

can have. A: Bottom-gate (inverted) staggered TFT, B: bottom-gate (inverted) coplanar 

TFT, C: Top-gate staggered TFT and D: Top-gate coplanar TFT. 

 

 

 

Figure 2.1: a) The general structure of the metal oxide semiconductor thin film transistor. b) After applying a positive 
voltage the charges accumulate at the dielectric interface. c) The current flow in the linear regime. d) When the 
channel reach the saturation, the number of electrons flow from the drain is the same.  
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2.2 Thin-film transistor operation   
 

Considering the channel region between S and D electrodes as a resistor, the differential 

form(𝑥𝑥) = 𝐼𝐼𝐷𝐷  𝑑𝑑𝑑𝑑, of Ohm’s low can be used to define the relation between the voltage 

and the current. The channel resistance dR of an elemental section dx is given by the 

following equation.  

𝑑𝑑𝑑𝑑 =
𝑑𝑑𝑥𝑥

𝑊𝑊𝑊𝑊(𝑥𝑥)𝜇𝜇                                                                                               (1) 

Where W is the width of the channel,  𝜇𝜇 is the carrier mobility and Q(x) is the charge 

density at a distance x from the drain electrode given by:  

𝑊𝑊(𝑥𝑥) = 𝐶𝐶𝑖𝑖  [( 𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑇𝑇ℎ)− 𝑉𝑉(𝑥𝑥)]                                                                   (2) 

Here Vth is the threshold voltage and Ci is the capacitance which we can consider the gate-

dielectric-semiconductor layer as a capacitance stack and it is given by (�̥�𝜀𝜅𝜅 𝑑𝑑�  ), where ε is 

the vacuum permittivity, κ is the relative permittivity and d is the thickness of the 

dielectric layer. The threshold voltage (VTh) is a device parameter and for an n-type 

Figure 2.2: A cross-section of the four different configurations that the thin-film transistor can have. A: Bottom-
gate (inverted) staggered TFT, B: bottom-gate (inverted) coplanar TFT, C: Top-gate staggered TFT and D: Top-gate 
coplanar TFT 
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channel it is defined as the minimum voltage required for electrons to start flowing across 

the channel.  

Substituting the charge density formula in Eq. (2) into Eq. (1) gives:  

𝑑𝑑𝑑𝑑 =
𝑑𝑑𝑥𝑥

𝑊𝑊𝜇𝜇 𝐶𝐶𝑖𝑖  [( 𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑇𝑇ℎ)− 𝑉𝑉(𝑥𝑥)]
                                             (3) 

By substituting the resistance formula in Eq. (3) into Ohm’s law and separate the variables 

e.g. voltage on one side and integrate it from the source to the drain (V=0, V= VD) and 

distance the current flow in (the channel length) on the other side and integrating from 

(x=0) to (x=L,) yield:  

           𝑑𝑑𝑉𝑉(𝑥𝑥) = 𝐼𝐼𝐷𝐷  
𝑑𝑑𝑥𝑥

𝑊𝑊 𝐶𝐶𝑖𝑖  [( 𝑉𝑉𝐺𝐺 −𝑉𝑉𝑇𝑇ℎ)−𝑉𝑉(𝑥𝑥)] 𝜇𝜇                                          (4)                  

�  [( 𝑉𝑉𝐺𝐺 −𝑉𝑉𝑇𝑇ℎ)−𝑉𝑉(𝑥𝑥)] 𝑑𝑑𝑉𝑉(𝑥𝑥)

𝑉𝑉𝐷𝐷

0

=  
𝐼𝐼𝐷𝐷 

𝑊𝑊 𝐶𝐶𝑖𝑖  𝜇𝜇  
� 𝑑𝑑𝑥𝑥
𝐿𝐿

0
                 (5)     

          𝐼𝐼𝐷𝐷 =
   𝑊𝑊 𝐶𝐶𝑖𝑖  𝜇𝜇 

𝐿𝐿  �( 𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑇𝑇ℎ)−
𝑉𝑉𝐷𝐷
2
� 𝑉𝑉𝐷𝐷                                  (6)        

In the linear region 𝑉𝑉𝐷𝐷  ≪ ( 𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑇𝑇ℎ), and Eq. (6) reduces to:  

  𝐼𝐼𝐷𝐷 ≅
   𝑊𝑊 𝐶𝐶𝑖𝑖 𝜇𝜇𝐿𝐿𝑖𝑖𝐿𝐿 

𝐿𝐿  ( 𝑉𝑉𝐺𝐺 −𝑉𝑉𝑇𝑇ℎ)𝑉𝑉𝐷𝐷                                                     (7)         

When VD increases further, the effective channel length (L) of the device reduces to zero. 

This is the so-called pinch-off bias point and occurs when 𝑉𝑉𝐷𝐷 ≥ ( 𝑉𝑉𝐺𝐺 −𝑉𝑉𝑇𝑇ℎ). The channel 

current under these circumstances is given as:   

𝐼𝐼𝐷𝐷 ≅
   𝑊𝑊 𝐶𝐶𝑖𝑖  𝜇𝜇 𝑆𝑆𝑆𝑆𝑆𝑆  

𝐿𝐿  ( 𝑉𝑉𝐺𝐺 − 𝑉𝑉𝑇𝑇ℎ)2                                                 (8) 

When the gate voltage is below the threshold voltage, the corresponding drain current is 

called the subthreshold current which is also known as the off-current.  It shows how the 
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switch (transistor) turns on and off which is very important parameter for many digital 

electronic applications as well as displays. In this region the drain current decreases 

exponentially with reducing gate voltage below the VTh and is given by:  

𝐼𝐼𝐷𝐷~ 𝑒𝑒
𝑞𝑞(𝑉𝑉𝐺𝐺−𝑉𝑉𝑇𝑇ℎ

𝑘𝑘𝑇𝑇�                                                                                (9) 

Another parameter that can be calculated from this region is the subthreshold swing, SS, 

which describes how fast the device switch from on to off state as a function of varying 

VG: 

𝑆𝑆𝑆𝑆 =
𝜕𝜕𝑉𝑉𝐺𝐺

𝜕𝜕 𝑙𝑙𝑙𝑙𝑙𝑙10𝐼𝐼𝐷𝐷
                                                                                        (10)            

The value of SS ranges between 70-100 mV/decade at room temperature for typical 

MOSFET devices. The subthreshold current can be suppressed by biasing the device 0.5 

V, or more, below VTh[52]. 

2.3 Metal oxide semiconductor solution-processed and functionalization  
 

2.3.1 Solution-processed metal oxide semiconductor  
 

Fabrication of the first metal oxide transistors relied on vacuum-based growth methods 

such as physical vapor deposition (PVD), chemical vapor deposition (CVD), and atomic 

layer deposition (ALD) [53]. However, the significant cost of the vacuum equipment and 

the often small deposition area limit the potential applications of vacuum processing for 

large area electronics, especially when use of temperature sensitive flexible substrates is 

required. The latter limitation provided the primary motivation for the development of 

solution-based metal oxide materials and their application in printed transistor 

technologies. There are several solution-based methods that can be used for the growth 

of metal oxides including spin-coating, spray coating, bar coating and numerous printing 

techniques.  In this project, all semiconductor layers were prepared via spin-coating of a 
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precursor solution followed by a thermal annealing step. Spin coating represents the 

simplest and as such the most popular deposition technique as it is capable of producing 

highly homogenous films.  The precursor solution prepared by a sol-gel technique that 

was first proposed by Ebelmen 150 years ago [54]. 

 A sol-gel is a synthetic technique and it refers to a process in which the liquid precursor 

(sol), that results from the dissolution of the metal oxide powder or nitrates in a suitable 

solvent (i.e. alcohol (ROH) or water (H2O)), transforms into a network structure (gel) 

where the metal cations undergo a hydrolysis reaction and transform into metal 

hydroxides. Therefore, the condensation reaction forms oxide-metal-oxide frameworks 

through an oxolation reaction between metal hydroxides. A stirring, or sometimes 

heating, step of the solution are required for a high quality precursor solution to be 

prepared. Following spin-coating, thermal annealing is required to evaporate the solvent 

from within the wet film and densify the resultant oxide layer. Lowering the temperature 

of annealing has recently become the primary focus for solution-processable oxide 

materials research. For the sol-gel process, a few studies have been reported about 

fabrication of In2O3, ZnO and their combination at low temperature. For metal oxide 

semiconductor, the regular reported range of annealing temperature is between a 200-

300 ˚C for solution-processed devices. Sirringhaus et al., reported a study on IZO film and 

they attributed the low performance of the devices that fabricated at temperature below 

200 ˚C to the incomplete conversion of the metal hydroxides into the metal oxide 

frameworks [55].  Bae et al. in 2013 studied the solvent effect on the metal oxide film 

formation. They replaced the conventional organic solvent (e.g. 2-methoxyethanol) by 

deionized water for In2O3 film that allowed a unique structure of the indium complex at 

low temperature of 200 ˚C with a good uniformity and mobility of 2.62 cm2/V.s [56]. The 

different salts used for metal complex formation has been also investigated by Yang et al. 

They showed that nitrate ligand-based indium (III) precursor is the best for low 

temperature process compare with the other salts such as chloride, acetate and 

fluoride[57]. However, the solution-processed Indium oxide semiconductors was limited 
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by defect-related electron transportation, while the ZnO film was suffering from the high 

roughness and was solved by Anthopoulos et al. by using an In2O3/ZnO heterojunction 

channel architecture that shows enhanced performance with high electron mobility of 45 

cm2/V.s [3].The later structure is the one used throughout this thesis and will be described 

in detail in the following section.  

2.3.2 In2O3/ZnO hetero-structure design  

The development of multilayer channel for the thin film transistors has been advancing 

rapidly in the last few years although the mechanism governing charge transfer through 

these layers is still unclear. Despite this, many recent studies have shown that metal oxide 

multilayer systems can sustain a 2-dimensional electron gas (2DEG) that is confined at the 

vicinity of the interface, which leads to a higher mobility and enhances the performance 

of the transistors [58] [59],The concept of hetero-structure oxide layers has been introduced 

earlier by H. Tampo at el. in 2006 using ZnO/ZnMgO grown by molecular beam epitaxy. In 

their study the workers reported an electron mobility value for the hetero-structure of 

250 cm2/V, which is twice than the ZnO layer alone [60]. Electron confinement at the 

ZnMgO/ZnO interface, at a concentration of ≈1019 /cm3, was demonstrated opening up 

new avenues for high electron mobility oxide semiconductor research. The electron 

confinement was attributed to the large offset between the conduction bands as well as 

to the polar surface of the materials. In the present work both In2O3 and ZnO can be grown 

from solution as ultrathin layers at temperature between 200-300 ˚C. By adjusting the 

solution concentration and the spin-speed, layers with controllable thickness of 3-4 nm 

can be formed. it was also been shown that due to the ultra-thin nature of In2O3, 

formation of quantized carrier states occurs in a process similar to that reported for 

inorganic semiconductors grown by highly sophisticated techniques such as molecular 

beam epitaxy. This work provided another evidence that the formation low dimensional 

transport phenomena can indeed be observed in solution processed metal oxide 

semiconductors  [61]. 
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Labram et al., also reported the growth of highly uniform, ultrathin layers of ZnO, which 

also led to a carrier mobility of 10 cm2/V [62]. The group carried a theoretical calculation 

of the infinite quantum well approximation and optical measurements of quantized 

energy states within the ZnO semiconductor layer and quantum effect devices such as 

resonant tunneling diodes. They observed the band gap of ZnO to increase with reducing 

layer thickness even when layers were processed at ≤200°C. Based on this work, Faber et 

al. fabricated In2O3 / ZnO heterojunctions that showed a superior performance and a very 

sharp interface as shown in the high-resolution transmission electron microscope 

(HRTEM) image in Figure 2.3a. It also shows a randomly oriented polycrystalline formation 

of the ZnO film with a thickness of 6.5 nm and a uniform and atomically sharp interface 

with the In2O3 layer [3]. 

These early reports showed consistently improved performance for the hetero-channel 

based devices as compared to single layer channel TFTs. From the HRTEM image in Figure 

2.3a, it can be seen that the ZnO film is forming a random oriented nanoctystalline while 

In2O3 is flatter with a longer range crystallinity. The In2O3 layer exhibits the regular 3.6 A 

spacing which corresponds to the [220] crystal plane of bcc structure, and ZnO film with 

the hexagonal wurtzite structure shows three dominated orientation which are [202], 

[110] and [101].  

 

The authors of these studies also investigated the energy band structure of the hetero- 

Figure 2.3 a) HRTEM analysis of solution-processed In2O3/ZnO hetero-structure on SiO2 dielectric. B) The energy band 
diagram of the In2O3/ZnO hetero-structure [3]. 
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interface (Figure 2.3b) using XPS, optical absorption and Kelvin probe measurements[3]. 

The optical band gap of In2O3 is wider than the band gap in ZnO with the two material 

exhibiting different Fermi energy levels. Upon physical contact these characteristics lead 

to a band-bending in order for the chemical potentials in the two materials to equilibrate. 

The alignment of the Fermi levels creates a band discontinuation that causes the 

formation of a space charge layer at the vicinity of the interface. It was shown that 

electrons are transferred from the CBM of ZnO to the CBM of the In2O3 layer and confined 

in the out of plane direction of the interface whilst being fully delocalized along the plane 

of the semiconducting interface. However, more work and theoretical modeling are 

required for this system to provide a better understanding of the TFTs operating principles 

and key processes responsible for these exotic phenomena.  

In this thesis, we explore a similar heterojunction channel architecture in which the upper 

ZnO layer will be functionalized with a pyrene-based organic receptor molecule (1-

Pyrenebutyric acid) to form a dense self-assembled monolayer (SAM).  The pyrene part 

of the receptor SAM is known to intercalate with the dsDNA. We hypothesize that such 

minute interactions will result to a charge transfer process that can be detected in the 

transistor operating characteristics. The SAM functionalization of the ZnO surface and the 

pyrene-SAM/dsDNA intercalation are explained in detail in the following sections.  

2.3.3 ZnO functionalization  

ZnO has been extensively studied in the last two decades due to its optical and electrical 

properties such as wide direct band gap of 3.37 eV, high thermal conductivity and large 

exciton binding energy which makes it attractive for a wide range of applications. ZnO 

belong to II-VI binary compound semiconductor and can form hexagonal wurtzite or cubic 

zinc-blende structures where each zinc atom is surrounded by four oxygen atoms to make 

tetrahedral coordination with sp3 covalent bond [50]. ZnO crystal faces can form polar 

structure where the surface contains either Zinc or Oxygen atoms. While the nonpolar 

structure contains alternatively equal numbers of Zinc and Oxygen atoms.  The nonpolar 

surfaces tend to minimize the surface energy by interaction of –OH groups with Zinc and 
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–H with Oxygen surfaces. The polarity of the O surface has higher degree of reactivity 

than the Zn surface which makes it favorable for sensing and catalysis applications. The 

defect formation is widely different depends on the crystal face and the method used to 

prepare the ZnO film. Additionally, in the case of solution process layers prepared at low 

temperature there are many sources of hydrogen that can bound with the surface and 

can be used to interact with organic species.  

The defect chemistry of ZnO e.g. oxygen vacancies, are also known to be responsible for 

the often observed n-type conductivity. To this end, Van der Walle et al. attributed the n-

type conductivity to the extrinsic defect such as hydrogen that could incorporate into the 

lattice and act as an interstitial or substitutional donor that can strongly bond with the 

oxygen atoms in the ZnO and directly influence the electronic behavior of the ZnO surface 

[63]. To modify the ZnO surface there are three different method can be used: i) doping 

the ZnO bulk by utilizing elements such as Al, Ga or In for n-type doping, and Li, Na or P 

for a p-type doping. ii) Inorganic modification, by growing another layer of Al2O3, 

ZnO/MgO or ZnO/ZrO2 that has been used to influence the electronics properties of ZnO 

and improve the performance of the OPV devices [64] iii) Using organic modification by 

creating hydrogen bonds between the carbonyl group of the organic polymers and the –

OH group on the ZnO surface, which also affect the interfacial characteristics such as 

energy band gap, film morphology and the improve the thermal stability [65]. There are 

different organic species can also functionalize the ZnO surface such as phosphonic acid, 

amine and thiol that can anchor the surface through dissociative absorption or other 

modes [66] [67]. The capability of the organic molecules to bind with the ZnO surface 

depends on the polar structure of the ZnO surface. The alkanethiols for example can form 

an S-O-Zn linkage on polar oxygen surface. However it doesn’t bound strongly compare 

to Zn-S bonds of the Zn surface [68]. The most common group used for functionalizing the 

ZnO surface is the carboxylic acid groups that tend to be quite stable and can form H-

bonding with the oxide surfaces. The acidic materials however can alter the surface 

chemistry or can etch the oxide layer which can be reduced by carefully choose the 
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solvent and the deposition conditions of the organic molecules [69].  Several investigation 

has been carried out for studying the electron transfer mechanism between organic 

species and metal oxide. Carboxylic acid have been estimated to transfer ca. 0.3 electrons 

per molecule to ZnO [68]. 

ZnO can also form different nanostructures such as ZnO nanowires, nano-rods [70] and 

ZnO nanoparticles [71], which attract a significant attention for sensing applications[72]. The 

ZnO nanoparticles (NPs) are found to be non-toxic in nature and nearly insoluble in water 

and can be modified by organic compounds using the reactive oxygen species of the 

hydroxyls functional group (–OH) on the ZnO NPs surfaces [73]. 

ZnO anisotropic nanostructures is considered as sensitive materials that have been used 

for designing novel bioelectronics devices. The surface engineering strategy in this type 

of devices is by using the organic functional molecules that is known as self-assembled 

monolayer (SAM) that can be characterized as a reactive head group that will interact 

with the targeted biological elements, a tail or an alkyl chain that can be used as a spacer 

and a functional group that can anchor onto the surface, ZnO top surface in this case via 

the reaction of the carboxylic group. Theses organic polymers can be also modified to 

interact selectively with a certain target or to be anchored into a specific surface. Metal 

oxide semiconductor, ZnO nanostructures in particular, provide a high surface to volume 

ratio which make them remarkably sensitive surfaces. The first common approaches used 

to functionalize the metal oxide surfaces for bio-sensing purposes is using silane 

chemistry as a selective linker that has three carboxyl groups –OH physically adsorbed to 

the metal oxide surface and head group can be modified depends on the needed 

application. The interaction of the functional group and the ZnO surface can be 

characterized using different techniques such as Fourier transform infrared spectroscopy 

(FTIR) [74] to scan the absorbance spectra of the oxide surface, X-ray photoelectron 

spectroscopy (XPS) to study the change in the binding energy, Electrochemical impedance 

spectroscopy (EIS) for the detection of the binding interaction and Mott-Schottky 

capacitance that is used to characterize the changes in the charge distribution within the 
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surface of ZnO [75]. Water contact angle is also another method that can measure the 

degree of wettability and hence the level of hydrophobicity of the measured surface. By 

introduced a liquid droplet on a solid surface that is relatively flat and homogenous, the 

contact angle can be measured using Young’s equation which describes the balance 

between the surface tension of the solid/vapor ϒSV and the liquid/vapor ϒLV and the 

interfacial tension of the solid/liquid ϒSL [76]. 

cos𝜃𝜃 = (ϒ𝑆𝑆𝑉𝑉 − ϒ𝐿𝐿𝑆𝑆)/ϒ𝐿𝐿𝑉𝑉                                                        (11) 

Several models have been studied afterward to calibrate the effect of the surface 

roughness and the method of deposition of the film to the final value. Moreover, several 

studies have been performed to investigate the wettability of the ZnO surface for variety 

of applications including micro/nanodevices, environmental sensing[77], self-cleaning and 

antifogging materials[78].  

Fei Gao et al. carried out a study of surface functionalization of ZnO with Propiolic Acid 

that can anchor the surface through the carboxylic and phosphonic acids linkage [79].They 

compared the functionalization of the Propiolic acid through the gas-phase and the liquid 

phase processes. Several characterization are provided to conclude that the gas-phase 

modification can produce a stable bidentate carboxylate linkage to ZnO and preserve the 

surface morphology.  

For DNA sensory applications, Nieplt et al. has functionalized a zinc oxide nanowires 

organosilane glycidyloxypropyltrimethoxysilane as a receptor and that with link to the 

amino group that labels the oligonucleotide. After functionalizing the surface with the 

single-strand 5’-amino-modified oligonucleotides, the devices were characterized by 

scanning electron microscope and the Fluorescence microscopy to ensure that the 

surface is coverage with the immobilized DNA receptors. The fluorescence images 

showed fluctuations intensities that could be referred to the partially covered surface or 

different thicknesses of the ZnO nanowires[80]. The study was mainly focus on clarifying 

that the collected fluorescence is caused by DNA attached to the ZnO nanowires and the 
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stability of the DNA receptors for utilize it in different electrical sensing applications 

Following the same strategy in this thesis, the device engineering combines the novel 

hetero-structure metal oxide channel and surface functionalization capacity to create an 

ultrasensitive, highly stable, and versatile DNA sensor. 

2.3.4 Pyrene-DNA intercalation  

The intercalation of the pyrene into the nucleic acid has been studied in the last few 

decades using different optical techniques that revealed the biochemical interaction 

between the pyrene and the nucleic acid bases (Figure 2.5c) [81].Pyrene is a flat, large, 

aromatic molecule that has filled outer orbitals and it is electrically neutral. It can then be 

modified to create several pyrene derivate that can be used in different biophysics and 

bioanalysis applications [82]. Pyrene became an attractive fluorophore due to its excimer 

formation that has first been reported by FÖrster in 1955 [83]. It has many other properties 

such as π-stacking ability, micro-environment-sensitive fluorescence emission and 

different binding modes to the DNA targets [84]. Pyrene-DNA intercalation brought a 

considerable attention due to its importance in the initiation of carcinogenesis and many 

other environmental effects [85] [86].  

The early studies of this interaction classify the intercalation into three major classes: 

physical binding to DNA via intercalation complex, covalent binding to DNA and an 

enhanced rate of epoxide hydrolysis, catalysed by DNA  [84]. In an extensive optical study 

carried by Namjun Cho and Sanford Asher in 1992 (Figure 2.4), the absorption and PL 

spectra of the pyrene in the presence of DNA show different features to that of the 

original spectrum. A strong hypochromism of the pyrene electronic absorption bands is 

resulted from a non-covalent intercalation of the pyrene into DNA which overlap the 

nucleic acid electronic transition. The samples were prepared by mixing the solid pyrene 

to DNA aqueous solution alone and another sample in the presence of the sodium dodecyl 

sulfate (SDS) to keep pyrene dissociated from DNA. In Figure 2.4 the resultant electronic 

absorption spectra of the separate DNA and pyrene solutions are shown in A, where the 

DNA has a wide absorption band with a maximum at 258 nm, while the electronic 
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transition of pyrene to S2, S3 and S4 occur at four different wavelengths. In B the electronic 

absorption spectra of the pyrene mixed with DNA with and without SDS. Pyrene/DNA 

sample shows an 8 nm red-shifted and a S2 absorption decreases compare to 

pyrene/DNA/SDS sample which can be used as a proof of the DNA-pyrene intercalation. 

In C the DNA subtracted spectrum is shown. Pyrene S3 transition disappears completely 

and S4 is weaken by 60%.  

 

 

 

Pyrene fluorophores were used as a nucleic acid probes in a study reported by K. Fujimoto 

et al. the detection strategy that is based on the pyrene fluorophores excimer-monomer 

emission switching. The mechanism of this strategy based on measuring the fluorescence 

emission of single-stranded oligonucleotides labelled with a fluorophore (pyrene) at the 

3’end and a quencher at the 5’end. The fluorescence emission can be seen after 

introducing the targeted DNA through hybridization that occurred to keep the 

fluorophore apart from the quencher [87]. 

Figure 2.4:A) absorbance spectra of the pyrene in SDS and of the DNA. B) The electronic absorption spectra of the 
pyrene mixed with DNA with and without SDS.  C) The DNA subtracted spectra from pyrene in DNA (dotted line) 
and pyrene in DNA with SDS (soid line). 
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S. Laib et al. studied DNA-pyrene intercalation by inserting the pyrene between two base 

pairs that can bound to the nucleic acids with very high affinity constants [88]. They used 

a synthesised amino-modified pyrene that can bound on silicon substrates covalently. A 

fluorescence detection was applied after adding the dsDNA fragments on the pyrene that 

proved a highly selective fluorescence measurements and an immediate increase in the 

fluorescence were reported. 

 In a recent review carried by Patrick J. Hrdlicka and Saswata Karmakar [89], demonstrated 

that the pyrene localization in the groove of the nucleic acid is known to result a strong 

fluorescence emission in the 370-420 nm due to a low quenching interactions between 

pyrene and nucleobase. 

Ghosh et al. synthesised a new pyrene that can be dissolve in water to carry on several 

biophysical methods to investigate the DNA-pyrene interaction [90]. In the absorbance and 

fluorescence spectroscopy (figure 2.5a) different concentration of the DNA have been 

added to the pyrene solution that reveal a decrease in the absorbance value and 

appearance of a new band at 352 nm. The appearance of 352 nm peak induced an 

evidence of pyrene-DNA complex formation.  

 

 
 
 
 

Figure 2.5: (a) Molar extinction coefficient and (b) relative fluorescence intensity (λex = 335 nm) of free (solid line) 
and bound (broken line) form of pyrene with CT-DNA. (c) Schematic depiction of the pyrene intercalation into the 
dsDNA 
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Chapter 3: Experiment  
 
 
3.1 Materials, Methods and Fabrication  
 
The devices in this project were fabricated as a bottom gate, top contact on silicon/silicon 

dioxide substrates with 50 nm oxide thickness. The substrates were cleaned using DI 

water/Acetone/Isopropanol 20 minutes each, followed by ultraviolet/ozone treatment 

for 15 minutes. The In2O3 was prepared using indium nitrate [In (NO3)3] (99.99%, Sigma 

Aldrich) and dissolved in deionized (DI) water at a concentration of 20 mg/ml. The 

resulting solution was stirred at room temperature for 3 hours and spin-coated on the 

cleaned Si/SiO2 substrates at a spin-speed of 6000 rpm for 30s. The In2O3 film annealed 

at 230 ˚C for one hour.  Similarly, the precursor solution of the ZnO was formed by 

dissolving zinc oxide powder (ZnO.H2O, 97%, Sigma-Aldrich) into ammonium hydroxide 

[50% (v/v) aqueous solution, Alfa Aesar] at a concentration of 8 mg/ml and leave it stirring 

overnight at room temperature. Spin-coating parameter for the ZnO layer was 4000 rpm 

for 30 s, then the film was subjected to thermal annealing at 210˚C for 1 hour. The 

transistor fabrication was completed by depositing the source and drain electrodes using 

Aluminum at a thickness of 40 nm under a high vacuum (10-6 mbar). Another ZnO layer 

were deposited on top of the source and drain electrodes in order to protect the 

electrodes before coating the PBA.  

The surface modification was prepared by first dissolving 1 mg of 1-pyrenebutyric acid 

(PBA, 97% ; Sigma-Aldrich) in 1 ml of anhydrous tetrahydrofuran (THF) and then cover the 

surface of the substrates by the resultant solution for 20 minutes and then using the spin-

coater at a speed of 3000 rpm, the substrates were rinsed thoroughly with THF and dried 

under nitrogen at 40 ˚C for 5 minutes. Also the Butyric acid (BA, >99%; Sigma-Aldrich) 

solution of 1 µM was concequencely coated on the substrates at the same parameters as 

PBA.  
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 The Deoxyribonucleic acid single and double stranded with 20 base pairs were all 

purchased from Sigma-Aldrich as a dried powder and then dissolved in MilliQ water (18.2 

MΩ.cm/25 ˚C) at different concentrations following the preparation instruction from the 

supplier. The dsDNA needs to be reconstructed by using thermal cycler described in 

section 3.3.5 below.  

 

3.2 The electrodes design   

Along with the low dimensionality of the device, the source and drain electrodes were 

geometrically engineered, by having a sensing area sandwich between two channels 

design as shown in Figure 3.1. The channels dimensions are 100 µm for the length and 1.9 

mm for the fingers. The offset of the two electrodes are different in the middle devices 

(fig.3.1b) compare to the side ones (Fig.3.1c). The area of the square in the middle is 2x2 

mm. 

 

 

 

The two electrodes are surrounding the middle area equally in the devices in the middle 

of the substrate (fig. 3.1a,b) while on the side devices one of the electrodes is 

Figure 3.1: (a) The geometrical design of the electrodes on one substrate, 16 devices with sensing areas in 
the middle, the dimensions of the devices are identical and shown on the up right one. Symmetric offset of 
electrodes in the middle devices (b) asymmetric offset of the sides devices shown in (c).  
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surrounding the sensing area from three side and the other from one side(Fig.3.1c), 

which we expect to affect the efficiency of the sensing process. 

 

3.3 Devices electrical and optical characterization  
 

3.3.1 Spectroscopic Ellipsometer           
  

An ellipsometer is an instrument that can measure the refractive index and the thickness 

of the semi-transparent thin films. The measuring principle is based on the reflection of 

the incident light (632.8 nm helium/neon laser) at the dielectric interface which can be 

vary depends on the polarization of the light during the transmission through the 

transparent layer. The change of the phase is based on the refractive index of the given 

materials.  For the materials that are transparent in the most of the visible region such as 

the metal oxide semiconductors, Cauchy equation for the index of refraction (n) is the 

most common equation used and it is given by:  

𝑛𝑛(𝜆𝜆) = 𝐴𝐴𝐿𝐿 +  
𝐵𝐵𝐿𝐿
𝜆𝜆2 + 

𝐶𝐶𝐿𝐿
𝜆𝜆4                                                       (12) 

Where 𝜆𝜆 the wavelength and A, B and C are Cauchy parameters that can be fit in the 

regression process. By using an existence model for Si/SiO2 substrate, Cauchy layer can 

be added to the model to measure the thickness of the oxide layer. By fitting the 

parameters we can compare the model with the measured sample and extract the 

thickness of the sample. The mean square error (MSE) can be obtained by the software 

for the difference between the model and the sample. [91]      
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3.3.2 Atomic Force Microscopy (AFM)               
 

Atomic force microscopy is a scanning probe technique that can be used to study the 

topography of the film’s surface in a nanometer resolution. The information can be 

gathered via a mechanical probe that can scan over the surface at different scanning 

modes such as tapping mode or contact mode. AFM uses a cantilever with a very sharp 

tip to scan over the surface of the sample. It measures the force between the tip and the 

sample as a function in their separation. The images of the AFM can be then constructed 

from the reaction of the probe to the forces that imposed by the sample. The tip can 

either be deflect away or toward the surface based on the distance between them. This 

interaction can be translated into readout signals using a laser beam that can detect the 

tip movement. The incident beam can be reflected off the top of the cantilever where 

each cantilever deflection can cause a slight changes in the direction of the reflected 

beam [92].  

In the tapping mode, the probe can oscillate near its resonance frequency and it interacts 

with the sample surface. Constant oscillation amplitude is used as a feedback mechanism 

to maintain a constant tip-sample interaction. Tapping mode minimizes shear forces that 

might damage the delicate samples. Samples with high adhesive properties can be 

characterized using tapping mode AFM. The AFM images in this work (chapter 4) was 

taking using the tapping mode at scan size of 1 µm, drive frequency of 133.9 kHz and drive 

amplitude of 306.1 mV.      

3.3.3 Ultraviolet-visible Spectroscopy (UV-vis)        
 

The ultraviolet-visible is an absorbance spectroscopy technique that uses a radiation in 

the visible and ultraviolet region that interact with the atoms and molecules in the given 
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sample that causes an excitation of the electrons from the ground states to the higher 

energy states. And since the energy levels of the materials are quantized, only specific 

amount of energy can cause this transition and therefore specific energy (wavelength) 

can be absorbed.  UV-vis technically detects the transmitted light through the sample and 

calculate the absorbance by using Beer-Lambert Law that can be expressed in terms of 

light intensities:  

𝐴𝐴 = 𝑙𝑙𝑙𝑙𝑙𝑙 𝐼𝐼𝑜𝑜
𝐼𝐼𝑇𝑇

= 𝑐𝑐𝑙𝑙𝜀𝜀                                                                    (13) 

Where Io is the incident light and IT is the transmitted light. C is the solution concentration. 

I is the optical length e.g. the dimension of the cuvette (cm) and 𝜀𝜀 is the molar extinction. 

The detector converts the incident light into a current, the higher the current the higher 

the intensity. The UV light ranges between 190-400 nm while the visible light is between 

400-700 nm. The light provided in UV-vis equipment combine the tungsten/halogen and 

deuterium lamps that can cover the range between 200-800 nm. A diffraction grating 

used to split the incident light into its components with range of wavelengths. According 

to Beer-Lambert Law, the absorbance is proportional to the concentration of the sample 

that can be plotted as a linear relation known as calibration graph [93].  

3.3.4 Transistor electrical characterization       
  

Electrical characterization of the devices was carried out using probe station with the 

three micro-positioners (EB-700, EVERBEING), for the source, drain and gate electrodes 

and Agilent B2902A parameter analyzer in a nitrogen-filled glove box.  

3.3.5 Thermal cycler     
 

Thermal cycler instrument is a thermal controlled environment used to reconstruct the 

segments of DNA through polymerase chain reaction. Following pre-programmed steps, 

the thermal cycler can raise and lower the temperature at specific time that leads to the 
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denaturation of the DNA samples. There are different protocols can be run by the 

apparatus depends on the purpose and the instruction given by the supplier. In this work, 

after loading the samples, around 95˚C is applied to boil the DNA e.g. separate the 

nucleotides. Then the temperature will be lowered down to allow the DNA to 

reconstructed at a specific time, then the final step will be cooling the samples down to 4 

˚C  that keeps the DNA stabilized and ready to use.    

 

 

3.3.6 Electrodes deposition         
 

The electrodes of the devices was deposited using thermal evaporator (Angstrom 

Engineering Inc.) to deposit 40 nm of Aluminum at evaporation rate of 2 A/s 

(Angstrom/sec). Thermal evaporator is a common physical vapor deposition (PVD) 

technique to deposit different materials under a high vacuum environment of 10-6 Torr. 

The deposited materials is heated to its evaporation point by heating a boat that contain 

the materials. After reaching the evaporation temperature, the molecules travel from the 

boat to the holder that contains the substrates where it nucleates into its surface forming 

a thin layer. Applying the deposition under high vacuum is an essential factor in order to 

obtain a high quality film deposition. The high vacuum minimizes any chamber gases 

contamination with the film formation. In the case of oxides, depositing the metal at low 

gas pressure specially for lowing the oxygen and moisture. The vapor molecules can travel 

faster when the gas pressure is less than 10-5. The mean free path of the vapor molecules 

e.g. the distance that the vapor molecules can pass before it collides with a gas molecule 

is greater than 1 meter. This distance is longer than the chamber size which means that 

the molecules are travelling directionally toward the substrate. Moreover, the holder of 

the substrate can be setup to be rotated with a certain speed, which makes the 
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distribution of the film more homogenous for all the substrates. The rotation speed used 

in this devices is from 2-10 rpm.  

 

Chapter 4: Results and discussion  
 

Before preparing the TFT devices, we first studied thickness each oxide layer on Si/SiO2 

substrate. The average thickness of the oxide layers needed to be quite thin in order to 

have a higher sensing impact. Using Ellipsometry (J.A Woollam Co., Inc.), we measured 

the thickness of In2O3 layer which is in average 2.7 nm with a mean square error (MSE) of 

3.5%. While it is around 5 nm thickness for ZnO layer with (MSR) of 7.4%. The surface 

topography of the In2O3 and ZnO films and the hetero-structure were measured by the 

atomic force microscopy (AFM) (Veeco Instruments, Inc.), and it shows a smooth surface 

for In2O3 with a root-mean-square roughness (σRMS) of 0.18 nm that is comparable to the 

SiO2 surface (σRMS =0.17 nm). While ZnO layer on top of In2O3 exhibit extremely smooth 

surface with σRMS = 0.34 nm.  The AFM images for SiO2, In2O3, and n2O3/ZnO films are 

shown in Fig.4.1a; the peak-to-peak heights with ΔZ = 1.6 and 4.6 nm for In2O3 and 

n2O3/ZnO respectively. The roughness of the surface is a critical factor in the sensing 

process as it is required for In2O3 to have the better interface with the ZnO and thus, 

higher carrier mobility and sensitivity. Also, low ZnO roughness helps to have the PBA 

monolayer more uniform and to maximize the PBA coverage of the ZnO surface. By 

controlling the spin-speed and the solution concentrations, the channel thickness was 

optimized to be in a thickness less than 10 nm and the surface roughness less than 0.5 

nm. The ZnO surface shows very smooth surface on top of the In2O3 after spin-coating the 

film in the nitrogen environment. While spin-coating the ZnO layer in air could increase 

the roughness of the surface and also affect the transistor performance by increasing the 

hysteresis and the turn-on voltage (Von).   
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The device preparation schematic is shown in (Figure A1 in Appendix A). The final 

structure of the device is shown in Fig.4.2a and the chemical structure of PBA is shown in 

Fig.4.2b. After deposited the electrodes, another layer of ZnO was applied in order to 

avoid exposing the electrodes to the SAM solution during the functionalization process. 

PBA application technically covers all the surface, however the DNA droplet is applied 

only in the middle sensing where the geometrical design of the electrodes can be tested.  

 

𝐼𝐼𝑛𝑛2𝑂3𝑆𝑆𝑖𝑂2

𝐼𝐼𝑛𝑛2𝑂3/𝑍𝑛𝑛𝑂 (b)
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Figure 4: a) AFM images of SiO2, In2O3 and In2O3/ ZnO bilayer, to show the change in the roughness with each layer. b) 
Histogram curve of the roughness.    

Figure 4.2: (a) TFT architecture employed where the surface of the heterojunction channel is functionalized with the 
PBA SAM shown in (b).  

a
 

b 
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1-Pyrenebutyric acid (PBA) functionalization: 

To study the presence of the PBA on top of ZnO surface we carried UV-vis absorption 

measurements for the PBA layer and solution. Fig. 4.4a shows PBA absorbance spectra 

applied on a quartz substrate. After cleaning the substrates, the surface was activated 

using oxygen plasma treatment (Diener Electronic KG) and PBA was applied following the 

same steps as the actual devices. The layer shows clear four peaks at 348, 332, 278 and 

244 nm that confirms the presence of pyrene units on the surface as it also matches with 

the values of the absorbance spectra of pyrene solution in a study done by Stephen Y 

Chau[94] (Appendix A2.b). They dissolved the pyrene molecules (98%, Aldrich) in 

cyclohexane that showed strong absorbance from 200-350 nm with the same peaks of 

shown in Fig.4.4.a. However, by measuring the absorbance of PBA solution used in this 

experiment, a different absorbance spectra was obtained and that can be attributed to 

the effect the butyric acid group in the PBA chemical structure (Appendix A2.a). It could 

be also affected by the solvent, however, two small peaks of the pyrene can be seen at 

347 and 332 nm.  

 Another quartz substrate was coated with ZnO layer and PBA was applied afterward. The 

absorbance spectra before and after PBA functionalization are shown in Fig.4.4b. PBA 

spectra shows same peaks resulted in Fig. 4.4a after linearly combined with the ZnO layer. 

Further evidence are provided by the induced hydrophobicity upon functionalization of 

PBA using the contact angle measurements (KRÜSS) by >50 deg. compare to the ZnO 

surface as can clearly be seen in (Fig.4.3). On the basis of these results we concluded that 

PBA is present on the surface of ZnO.  

 

Water droplet on ZnO surface Water droplet on ZnO+PBA
(a) (b) (c)

Figure 4.3: Contact angle measurements between a water droplet and the ZnO layer surface (a) and ZnO+PBA surface (b). 
The droplet in the sensing area during the actual measurement in (c).  
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Transistors electrical characterization:  

 Fig.4.5 sets the transfer and output characteristics for In2O3/ZnO TFT before 

functionalization step with a clear switching between on and off states with a ratio of 106 

starting from very low off current at 10-10 A and saturated at on current state of 10-4 A.  

The hetero-structure channel shows generally better performance than devices with 

In2O3 layer alone (Appendix A3). Devices with In2O3 only shows low current and on/off 

ratio of 104 which is critical for the sensing process. The functionalization process was 

optimized, as described in section 3.1, to be fast and at a low temperature in order to 

(b)

(a)

Figure 4.4: (a) UV-Vis absorbance measurements of PBA applied on quartz substrate. UV-Vis absorbance pristine ZnO 
and ZnO+PBA layer (b). 
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avoid the effect of the solvent (THF) on the general performance of the original device. 

Moreover, the transistor characteristics can be profoundly affected by heating PBA for 

higher than 50˚C after spin-coated on the device. While keeping the device in the PBA 

solution for more than 30 minutes could also affect the stability of the devices and 

increase the hysteresis and the VON value. However, following the optimized procedure, 

PBA treatment passivates the active sites on the ZnO surface and makes the device more 

stable. The resultant devices before and after PBA treatment are shown in Fig.4.5. The 

device improvement after PBA application could be referred to ZnO surface has been 

modified by PBA and the surface coverage prevent any interaction with the air or other 

defects. The gate (leakage) current Ig Fig.4.5a is around an order of magnitude less than 

the drain current which is considered relatively high due to the unpatterned channel and 

the spin-coating process that allow the oxides materials to be on contact with the gate 

(silicon) by the sides of the substrates. There are different techniques can be used to 

minimize the leakage current; covering the sides, for instant, can reduce the leakage 

current couple of order of magnitudes. However, the major reason is the common oxide 

channel that can be significantly reduced down to tens of nA by patterning each device 

on the substrate using other different deposition techniques such as lithography or 

magnetron sputtering [95] [96].    

 

  

(b)

Figure 4.5: The device performance before and after adding the PBA for the transfer characteristic (a) and the output 
characteristic in (b).  
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The dsDNA was dissolved in DI water, and before applying the DNA droplet on the device, 

we carried a control experiment (Fig.4.6), to see the impact of the DI water on the sensing 

process. We measured the transistor before and after adding a droplet of DI water in the 

sensing area, which proved that the pyrene hydrophobicity prevent the water from 

penetrating to the oxide surface and therefore does not change the device performance.  

In addition, the water droplet test was also investigated using real-time measurements 

(Fig.4.7). At fixed voltage of 3 V applied on the drain and gate electrodes, the current can 

be measured as a function of time which ideally supposed to give a constant function. 

However, for the water test, the current was decreased for few µA, which can be 

negligible since it is eventually stabilized as can be clearly seen in the linear scale 

(Fig.4.7a). Upon this results we concluded that water alone does not significantly change 

the characteristics. 

 

 

 
Figure 4.6: (a) Transfer characteristics of TFTs measured before and after application of a water droplet on the 
surface of the PAB-functionalized transistor channel. (b) Output characteristics of the same TFT. 
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Sensing mechanism:  

 

After device fabrication, we investigated the ability of our structure to sense DNA. Our 

working hypothesis is that binding events between the surface-tethered PBA (specifically 

the pyrene unit, Fig. 4.2 and DNA create minuscule electrostatic perturbations that affect 

the electron flow occurring at the buried hetero-interface (In2O3/ZnO, Fig. 4.2a) a few-

nm beneath. The electrodes structure (Fig.3.1) form a sensing area in the middle of the 

two electrodes where droplet (> 1 µl) of the analyte solution can be added. It is essential 

to avoid the contact between the droplet and the source/drain electrodes since PBA 

covers all over the substrate including the electrodes to control the sensing mechanism. 

To measure the sensor response, the transfer characteristic (VD= 3V) was measured under 

different concentration of a 20 base-pair dsDNA of only adenine (A) and thymine (T) bases 

with a random sequence (TA20). DNA sequence that used in this experiment aimed to be 

small with only 20 base pairs which is preferable to avoid the secondary complex 

structures of the DNA that could be formed with the longer sequence. To confirm the 

primary structure of the DNA, thermal cycler (BIO-RAD T100TM) treatment was applied on 

the DNA sample following the instruction given by the supplier. DNA was heated under 

(a) (b)

Figure 4.7:  The real-time measurement of the DI water droplet in the sensing area at a fixed gate and drain voltage 
of 3V.  Logarithmic scale in (a). Linear scale in (b).  
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96 ˚C to separate the nucleotides first and then the temperature was lowered down to 

allow the DNA to reconstructed at a specific time, then the final step will be cooling the 

samples down to 4 ˚C  that keeps the DNA stabilized and ready to use. By adding TA20 

droplet on the sensing area, a negative shift in the VG is observed after adding TA20 that 

increase by increasing the concentration (Fig.4.8b). The devices shows a sensitivity down 

to low DNA concentration of 100 fM. The VG shift is attributed to negative charges 

resulted from the pyrene-DNA interaction that can create free charges in the TFT channel 

which can be considered as doping under different concentration which makes the device 

operates at a higher negative voltage. Further evidence supporting the sensing hypothesis 

is by sensing a single strand DNA (ssDNA). The effect of the ssDNA of T20 or A20 can be 

seen in Fig.4.8a. ssDNA have not shown a significant response compared to dsDNA as the 

intercalation of the pyrene unit into the dsDNA is absent event at high concentrations of 

100 nM.  

     

 
Figure 4.8: Single stranded DNA (ssDNA) T20 (a) and double stranded DNA (dsDNA) (b), of different sequences were 
applied to test the response of the sensor. 

 

It is worth to mention that the transfer measurement shown in Fig.4.8b is measured in 

one of the side devices that has asymmetric source/drain surrounding the sensing area; 

however, the measurement in the middle devices has more sensitivity than the side one. 

A comparison between the middle devices and the side devices are shown in Figure A4 in 

(a) (b)
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the Appendix A. Under 100 nM concentration the devices shifted at relatively similar 

value with 1 V higher for the side devices. Moreover, the off-state current at the middle 

devices is increasing with increasing the concentration while in the side devices the off-

current tend to slightly decrease within one order of magnitude for both cases.  

The massive VG shift in fig.4.8b translated to several orders of magnitude change in the 

channel current and saturated after adding higher concentrations as clearly seen in Fig. 

4.9a. 

Another method to represent the sensing response, the different in the voltage can be 

used to measure the change in the number of electrons in the channel the areal density 

∆𝑁𝑁𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎 that can be estimated by:  

 

∆𝑁𝑁𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎 =
𝐶𝐶𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎  ∆𝑉𝑉𝑂𝑂𝑂𝑂

𝑞𝑞                                          (14) 

  

Where 𝐶𝐶𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎 is the areal capacitance of the gate dielectric (34.4 nF cm-2), q is the 

elementary charge of 1.6 x 10-19 C.  ∆𝑉𝑉𝑂𝑂𝑂𝑂 is the difference between the initial voltage 

before applying the DNA droplet and the shifted voltage after DNA application. Fig.4.9b 

shows the increase of ∆𝑁𝑁𝑆𝑆𝑎𝑎𝑎𝑎𝑆𝑆𝑎𝑎 as a function of the DNA concentration.  

The sensing results and the difference in VG after each TA20 droplet are based on different 

factors. Mainly the concentration of the dsDNA; however, the concentration of the 

pyrene can also affect the process. The amount of PBA that bound on the surface is 

relatively equal for all the devices as after spin-coating step to wash the unbounded PBA 

away. However, another factor that can affect the sensing process is that the carboxyl 

groups of PBA bind to the ZnO surface under different condition since the ZnO film is 

prepared via solution process which makes the ZnO surface has multiple crystal 

orientations with different percentage of Zn and O atoms at the surface, and that affect 

the strength of the PBA binding. Therefore, we expected different concentration of PBA 

in each sensing area to be slightly different.  
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 To test the effect of having uncovered sensing area with PBA, we carried a control 

experiment to compare the sensing process of a device before and after PBA treatment 

(Figure 4.10). It is known for the oxide to be a sensitive surface that have been used for 

gas sensors applications [97] [98].. The ZnO surface could be influenced by the presence of 

DNA as water alone could have interaction with the oxides. Therefore, we carried this 

measurement to see how much this could affect the resultant shift. As can be seen from 

Fig.4.10a, a 100 nM TA20 concentration the device with the PBA layer shifted for -7 V 

while the sample without PBA (Fig.4.10b) has not affected by applying DNA droplet on 

the ZnO surface directly.  

 
 

 

 

(a) (b)

b

Figure 4.9: a) The VG is found to shift with increasing dsDNA concentration up to a point beyond of which it appears to 
slowly saturate. No such systematic shift can be detected for ssDNA as evident in Fig. 4.8a. (b)  The areal increase in the 
carriers  ΔNareal calculated from the shift in the turn-on voltage of the device upon application of different concentration 
of TA20.   

Figure 4.10: (a) The VG shift upon adding 100 nM TA20 with the presence of PBA. b) The device without PBA and after 
adding 100 nM TA20 that shows no significant effect. 
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The TA20 droplet was added in the middle sensing area, where if the pyrene is there, 

extra charges can be contributed in the current and shifted VG. However, when there is 

no PBA the operation of the main two channels is not affected. From Fig.4.10, we can 

conclude that VG shifting is due to an interaction of PBA with the DNA and it absent in the 

other combination. 

The further demonstration of the sensing process, we investigate the real-time 

measurement of the current at a fixed VD and VG at 3V under different concentrations. 

Fig.4.11 shows the stepwise real-time sensing response of continues application of TA20 

on the same device. A remarkable increase in the current can be seen that is proportional 

to the TA20 concentration. It is worth to mention that the sensing process can be clearly 

seen when the droplet is close to the edge of the sensing area, and that could be because 

the analytes are close to the two channel by the sides or the droplet is big enough that 

covers more PBA and therefore produces larger response.  

For example, the sensed ID level under the presence of AT20 of 100 fM rose up to several 

µA higher than the baseline level. As such, even a fraction of the amount of negative 

charge obtained from AT20 of 100 fM could still cause the ID level to go beyond 1 µA.  
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Figure 4.11:  real-time measurement of different TA20 concentrations as a function in time. At fixed VG and VD 
values the current increased gradually by increasing the concentration. 
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Chapter 5: Conclusion 
 

We have developed a novel TFT sensor architecture that combines an ultra-thin metal 

oxide hetero-structure channel with self-assembled DNA receptor units functionalized on 

its surface. We used the most responsive analyte AT20 as a demonstration to examine 

the devices being capable of operating in an aqueous environment.  The resulting devices 

are shown to be ultrasensitive, highly stable, and able to detect dsDNA down to fM 

concentrations.  The change in the transfer characteristics are attributed to the doping as 

well as to the gate effect.  The work paves the way towards new forms of simple yet highly 

sensitive TFT biosensors with the advantage of using economically-viable manufacturing 

processes.  

 The geometrical structure of the devices is a key element in this work, and one of our 

future goals is to investigate the effect of different sizes of the sensing area and other 

shapes as well. That is can be done easier designing different dimensions of the electrodes 

and depositing them on one substrate by using photolithography techniques. We can also 

take an advantage from using photolithography to pattern the oxide layers that will help 

to minimize the leakage current and improve the device performance. The device can be 

use as platform for different sensing purposes by changing the receptors (PBA) and 

functionalize the surface with other molecules that can interact with specific analyte.   
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APPENDICES 
 

Appendix A 

 

 

 

 

 

(a) (b)

Figure A2: (a) The absorbance spectra of the PBA solution in THF. The inset shows the 
chemical structure of PBA. (b) The absorption spectrum of pyrene dissolved in cyclohexane. 
Reproduced from [2]  

Figure A1: Schematic of preparation steps of the devices described in chapter 3.   
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Figure A3: The transfer characteristic of In2O3 alone prepared with the same method as 
the hetero-structure channel.   

Figure A4: (a) A negative shift resulting from 100 nM TA20 with increase in the off-current. 
(b) A shift of 100 nM TA20 with a droplet on the side devices.  
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