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Amorphous oxide semiconductors are of potential interest in the display industry 

due to their high carrier mobility, transparency at visible wavelengths and excellent 

operational stability. In this dissertation, n-channel zinc-tin oxide thin-film transistors are 

fabricated based on a solution-based deposition approach, which allows low fabrication 

cost and high throughput. The effects of device configuration and process conditions on 

transistor performance are investigated, and circuit applications including inverters, 

amplifiers, and ring oscillators are demonstrated. 

Charge transport in the zinc-tin oxide field-effect transistors is also investigated. 

A transition from thermally-activated to band-like transport is observed with increasing 

carrier concentration in high mobility samples, which agrees well with the key 

predictions of the multiple trap and release model and also Mott’s mobility edge model. 

In addition, velocity distribution of charge carriers is studied with a time-resolved 

technique. This provides a more detailed picture of charge transport in field-effect 

transistors. 
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Chapter 1 Introduction 

In 1996, Hosono et al. proposed a hypothesis of finding wide band-gap 

amorphous oxide semiconductors (AOS) that have improved mobilities over 

conventional covalent-bonded semiconductors. Since then, remarkable progress has been 

made in material development and deposition techniques. Mobilities over 100 cm2

Various techniques have been developed for deposition of AOS materials, ranging 

from high-vacuum based approaches to solution-based approaches. High-vacuum based 

processes yield high device performance and good uniformity, while solution-based 

deposition approaches have advantages of low fabrication cost and high throughput, 

which are attractive for low-cost electronics such as radio-frequency identification 

(RFID) tags and electronic papers. The purpose of this dissertation is to investigate 

solution-processed zinc-tin oxide (ZTO), one of the most attractive amorphous oxide 

semiconductors. ZTO were employed in a thin-film transistor (TFT) structure to study the 

electrical properties and transport mechanisms. Circuit applications based on ZTO TFTs 

have also been investigated, including inverters, ring oscillators, and operational 

amplifiers. 

/V·s 

have been reported in AOS and rival that of polycrystalline silicon. Compared to 

amorphous silicon and amorphous organic semiconductors, AOS have advantages of 

superior mobility, good stability and transparency. These properties make them especially 

attractive for applications of transparent electronics, such as active-matrix liquid crystal 

display (AMLCD), active-matrix organic light-emitting diode (AMOLED) and 

transparent display. 
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1.1 THIN-FILM TRANSISTORS 

1.1.1 Device configuration of thin-film transistors 

A thin-film transistor (TFT) is one type of field-effect transistors made by 

depositing a thin layer of semiconductor active layer as well as gate dielectric and contact 

electrodes onto a supporting substrate. Compared to metal-oxide-semiconductor field-

effect transistors (MOSFETs), the ability of using an insulating substrate, such as glass or 

a plastic, has advantages in three aspects. First is the substantially lower material cost and 

second is that the insulating substrate prevent problems such as parasitic capacitances and 

latchup, which usually need additional device isolation. Third, since the active layer is 

deposited instead of built into the substrate, there is more freedom in device configuration 

by varying the sequence of film deposition.  

Figure 1.1 shows four possible device configurations of TFTs, determined by the 

position of source/drain contacts, dielectric layer and gate electrode relative to the active 

layer. These configurations can be categorized into staggered and coplanar structure. In a 

staggered structure, the source/drain contacts are in the opposite side of the active layer 

from the gate electrode, as shown in Figure 1.1(a) and (c), while in the coplanar structure, 

the source/drain contacts and the gate electrode are in the same side of the active layer, as 

shown in Figure 1.1 (b) and (d). The contact electrodes in a coplanar structure are in 

direct contact with the induced channel, while the contact electrodes in a staggered 

structure are in the opposite side of the active layer from the induced channel. Thus, the 

injected carriers in a staggered structure need to vertically travel through the active layer 

to reach the induced channel, and then transport through the length of the channel. In a 

staggered structure, it is easier to ensure large overlap between the contact electrodes and 

the active layer, thus reducing contact resistance and improving device performance. 
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In addition to staggered and coplanar structures, TFTs can be categorized into 

top-gate and bottom-gate structures, depending on the position of the gate electrode 

relative to the semiconductor layer. Therefore, there are four basic device configurations 

of the TFTs, as shown in Figure 1.1: (a) bottom-gate staggered, (b) bottom-gate coplanar, 

(c) top-contact staggered, and (d) top-contact coplanar. Device configurations (a) and (b) 

are usually referred as top-contact and bottom-contact structure for the purpose of 

simplicity. In this dissertation, the top-contact and bottom-contact structures are 

employed in TFTs with AOS and organic active layers, respectively. 

 

 

Figure 1.1:  Four basic device configurations of TFTs: (a) bottom-gate staggered (top-
contact structure), (b) bottom-gate coplanar (bottom-contact structure), (c) 
top-gate staggered, and (d) top-gate coplanar. 
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 1.1.2 Thin-film transistor operation 

Thin-film transistors (TFTs) are useful for a range of technological applications 

including displays, memories, sensors, etc [1]. Different form the metal-oxide-

semiconductor field-effect transistor (MOSFET) that operates in the inversion mode, 

TFTs usually operate in the accumulation mode. Figure 1.2 shows the energy band 

diagrams of an n-type TFT at different gate-bias conditions as viewed through the metal 

gate. The band diagrams across the metal-insulator-semiconductor (MIS) structure 

depicted the band bending in the channel region.  

When a zero voltage is applied to the gate, as depicted in Figure 1.2 (a), the 

system is in a normally off-state. There is very little charge accumulation near the 

insulator-semiconductor interface and the conductance of the semiconductor film is low. 

As a negative voltage applied to the gate, as depicted in Figure 1.2 (b), the mobile 

electrons are repelled from the semiconductor and leave a depletion region near the 

insulator-semiconductor interface. The conductance of the semiconductor film is lower 

compared to Figure 1.2 (a) since the mobile charge concentration is greatly reduced in the 

film. It must be noted that ZTO does not favor hole transport and that any injected holes 

under a negative gate bias will be trapped.  When a positive voltage is applied to the gate, 

as depicted in Figure 1.2 (c), mobile electrons are attracted toward the insulator-

semiconductor interface and form an accumulation layer close to the interface. Such 

accumulation charge increases the conductance of the semiconductor film and induces a 

channel, which allows current flow when a voltage bias is applied across the source and 

drain contacts. 
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Figure 1.2: Band diagram for an ideal n-channel TFT at different gate-bias conditions: 
(a) zero voltage; (b) negative voltage; (c) positive voltage. 

Conductivity is directly proportional to the carrier concentration by: 

 qnσ µ=  (1. 1) 

where σ is the conductivity, q is the charge of an electron, n is the charge carrier 

concentration, and µ is the mobility of the charge carrier. Thus, with a voltage applied 

across the source and drain contacts, the gate voltage can alter the channel conductance 

and determine current flowing between the contacts. The contact from which the current 

is injected into the channel is defined as the source, while the contact at which the current 

is extract from the channel is defined as the drain. In an n-channel TFT, if a positive gate 

voltage exceeds a threshold voltage VT, electrons start to accumulate in the insulator-

semiconductor interface and form the channel. VT

At a gate voltage higher than V

 is defined as the minimum gate 

voltage required to induce a channel. As the gate voltage increases, more electron charge 

is induced in the channel, and therefore, the channel becomes more conducting.  

T

Figure 1.3

, the drain current initially increases linearly with 

the drain bias and the device operates in the linear regime, as shown in . As the 

current flows through the channel, the channel potential drops from VD
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to zero in the grounded source. Therefore, the voltage difference between the gate and the 

channel reduces from VG near the source end to (VG – VD) near the drain end. Once the 

drain voltage is increased to a point that VG – VD = VT

Figure 1.4

, the channel is barely maintained 

in the drain end, and the channel is said to be pinched off. As the drain voltage increases 

beyond this point, the pinch-off point moves into the channel and leaves a neutral region 

close to the drain end. In this case, the device operates in the saturation regime. In this 

regime, the drain current does not increase significantly with the drain voltage.  

illustrates the cross-section of an n-channel TFT operating in the (a) linear region and (b) 

on-set of saturation region. The red part shows the accumulation charge in the channel 

region. 

 

Figure 1.3: Output characteristics of an exemplary n-type TFT. 
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Figure 1.4:  Cross section of an n-channel TFT under different operating conditions: (a) 
linear regime; (b) on-set of saturation regime. 

In the linear regime, VG > VT and VD < VG – VT, and the drain current ID
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described as:    

( )
2

2
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D i GS T DS
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L
µ
  = − −   

   
 (1. 2) 

where Ci

In the saturation regime, V

 is the capacitance of the gate insulator per unit area; μ is the mobility of the 

charge carrier; W and L are the channel length and width defined by the source and drain 

contacts.  

G > VT and VD > VG –VT and the drain current ID

 

 

becomes: 

( )21
2D i GS T

WI C V V
L

µ = − 
 

 (1. 3) 

The above equations use a gradual channel approximation assuming that the field-

effect mobility is independent of the gate voltage and the contact resistance is negligible. 

The expressions above may not accurately describe the behavior of TFTs since the charge 

transport mechanism is dominated by thermally activation. Thus, extra care should be 

taken to accurately model the device characteristics. 
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1.2 CHARGE TRANSPORT 

1.2.1 Band transport 

As isolated atoms are brought together to form a solid, their energy levels become 

indistinct and form energy bands. Semiconductors have a small enough band gap 

between the conduction and valence band that the number of conduction electrons can be 

increased greatly by thermal or optical energy. 

The simplest model to describe the charge transport in delocalized bands is the 

Drude model, assuming carriers are accelerated under an applied electric field and 

balanced by the decelerations of the collision processes.  The mean drift velocity <vx

 

> of 

the carriers in the direction of the electric field can be written as: 

*

1v vx x x
d q E
dt m τ

= −  (1. 4) 

where m* is the effective mass and Ex

v 0x
d
dt

=

 is the electric field. τ is the mean free time between 

two collisions. At steady state,  and the mean drift velocity is:  

 *vx x x
q E E
m
τ µ= =  (1. 5) 

so the mobility of the charge carrier is: 

 *

q
m
τµ =  (1. 6) 

The temperature dependence of the mobility is determined by the scattering mechanism, 

such as acoustical and phonon scattering, and generally follows a power law relationship: 

 ( ) nT Tµ −∝  (1. 7) 

In most cases, n is positive, so the mobility increases with decreasing temperature. The 

negative correlation between mobility and temperature is the characteristics of band 

transport.  A more rigorous requirement of band transport is that the mean free path be 

greater than the lattice constant.   
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1.2.2 Trap-limited transport 

Disordered semiconductors such as amorphous silicon and most of the organic 

materials in thin-film form possess a high density of localized states, compared to the 

crystalline systems.  Those localized states are induced by structural defects and 

adventitious impurities, and carrier transport in such material system is usually dominated 

by a thermally-activated mechanism. Transport mechanisms in this class of materials 

have been studied by multiple methodologies, such as time-of-flight (TOF) [2], Hall-

effect [3], and field-effect transistor (FET) [4, 5] methods. Two useful models to describe 

the transport mechanism are multiple trap and release (MTR) [6] and Monroe [7] models.  

The MTR model applies to materials with localized states that are energetically 

close to the transport band edge, where the Fermi level lies below the band edge. Figure 

1.5 illustrates the charge transport according to the MTR model. This model postulates 

that the carriers drift in the extended states and transit between the extended states and 

the localized states through trapping and thermal release. The time a carrier spends in the 

localized states is included in the measured transient time, leading to a trap-controlled 

effective mobility μeff

 

 [6]:  
( )/

0
c tE E kT

eff eµ µ α − −=  (1. 8) 

where μ0 is the mobility in the transport band, α is a constant related to the number of 

localized and extended states, and (Ec –Et

Assuming there is one single trap level of energy E

) is the energy distance between the transport 

band and a trap state level. In this model, the effective mobility of charge carriers is 

reduced from the band mobility depending on the percentage of carriers that have been 

promoted to the band at one time.  

t and density of state (DOS) of Nt

( )/C FE E kT
Cn N e− −=

. 

The charge carrier concentration in the band is , where NC is the 
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effective DOS near the band edge, and the concentration of carriers in the trapped states 

is ( )/t FE E kT
t tn N e− −= .  The effective mobility can be expressed as: 

 ( )0 0/

1
1 C teff E E kT

t t C

n
n n N N e

µ µ µ
−

= =
+ +

 (1. 9) 

As suggested in this equation, the effective mobility is closer to the band mobility 

if the DOS of the trap level is lower or if the energy of the trap level is closer to the band 

edge.  With decreasing temperature, the probability that charge carriers been promoted to 

the transport band becomes rapidly smaller, and the mobility is lower. If trap levels are 

energetically distributed, the effective value of Et

 

 and α must be estimated accordingly.  

Figure 1.5: Principle of transport limited by multiple trap and release model. Charge 
carrier thermally activated from a trap site to the transport band and transit 
in the band until settling in a new trap site. 

One extension of the MTR model is proposed by Monroe [7]. Monroe model 

assumes the trap states near the band tail have an exponential distribution: 

 ( ) ( )0/
0/ E kT

Lg E N kT e=  (1. 10) 

where E is the energy of a trap state with respect to the mobility edge, NL is the total 

number of the localized states, and T0

- - - - - - - - - - - - - -

Density of states

EF

- - - - - - - - - - - - -- - - - - - - - - - - - - -- - - - - - - - - - - - - -- - - - - - - - - - - - - -

Transport band

Localized levels

 characterizes the width of the exponential . The 

deeper trap states have a more negative E value and have a lower DOS. As illustrated in 
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Figure 1.6, since the deeper states have much lower DOS, it is harder for a carrier in deep 

states to find a close neighbor, and instead, the carrier move by thermal excitation to 

shallower states. In shallower states, the larger DOS at this energy level allows the carrier 

to move to the neighboring states by hopping. These shallower states which carrier can 

freely hop between are defined as the transport states. Eventually, the carrier will be 

retrapped in deeper states, because of energy favorableness. 

 

Figure 1.6: Monroe model of multiple trap and release process. A charge carrier is 
thermally excited to the shallower states (transport state), transporting, and 
is subsequently retrapped at deeper states. 

The key difference between the MTR and Monroe models is the nature of the 

transport states. In Monroe model, the transport states are in the band tail, as compared to 

transport in a transport band in MTR model.  
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An important outcome of the MTR and Monroe models is that the mobility is gate 

voltage dependent. The mechanism is illustrated in Figure 1.7. As a voltage bias higher 

than VT is applied to the gate, the band near the insulator-semiconductor interface is 

bended by qVS

 

 and the Fermi level shifts toward the transport band edge by the same 

amount. The reduced energy difference between the filled states and the edge of the 

transport band makes the release of trapped charge easier, and results in improved 

mobility. Such gate-voltage dependent mobility has been reported in many material 

systems [5, 8].  

 

Figure 1.7: Gate-voltage dependent mobility caused by moving of the Fermi energy 
level. 

1.3 AMORPHOUS OXIDE SEMICONDUCTORS 

Oxide semiconductors such as zinc oxide (ZnO) [9], tin oxide (SnO) [10], Indium 

oxide (In2O3

Density of states

EF

EC
EF

EV

EC

EV

VGS = 0 V VGS > VT

Density of states

EF
qVS

) [11],  Aluminum-indium oxide (AIO) [12], zinc-tin oxide (ZTO) [13-15], 
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indium-tin oxide (ITO) [16] and indium-gallium-zinc oxide (IGZO) [17, 18] are an 

attractive class of materials for transparent electronic applications because they usually 

exhibit good transparency in the visible spectrum, as an result of their wide band gap. 

Studies on ZnO [19] show that a polycrystalline semiconductor film with grain 

boundaries can deteriorate stability, uniformity and performance of a TFT; thus, an 

amorphous oxide film is preferred. Amorphous oxide semiconductors (AOS) typically 

have relatively high field-effect mobility (> 10 cm2

Amorphous silicon based TFTs are commonly used in active-matrix liquid crystal 

display (AMLCD), and have a field-effect mobility around 1.5 cm

/V·s) compared to hydrogenated 

amorphous silicon (a-Si:H) and organic semiconductors, which are the materials widely 

used in display industry. 

2

On the other hand, amorphous oxide semiconductors exhibit better air stability 

and higher field-effect mobility; however, the carrier mobility of p-channel oxide 

semiconductor is much less than that of the n-channel ones. This is because the nature of 

the electron and hole conduction in oxide semiconductors is different. The minimum of 

/V·s. The low 

mobility makes it hard to drive large currents while maintaining high packing density 

[20]. However, despite the drawbacks such as low mobility, poor threshold voltage 

stability and relatively high processing temperature (~300 °C), amorphous silicon is still 

the dominant semiconductor used in AMLCD because it is a proven technology and 

immense capital has been invested. In comparison, organic semiconductors exhibit 

comparable mobility and have lower processing temperature, which allows processing on 

flexible substrates and lowering fabrication cost. They are of great interest as an 

alternative material for amorphous silicon. However, n-channel organic semiconductors 

usually exhibit significantly lower mobility and typically have high sensitivity to oxygen 

and moisture than p-channel organic semiconductors, such as pentacene.  
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the conduction band of the n-channel oxide semiconductors is composed of spatially 

spread ns orbital of the metal cations. In contrast, the maximum of the valence band of p-

type oxide semiconductors is composed of rather localized O 2p orbital, which resulted in 

higher density of localized states and lower mobility. One exemplary p-type oxide 

semiconductors is SnO [10]. Hybrid organic-inorganic (oxide semiconductor) 

complementary structure using n-channel oxide semiconductors and p-channel organic 

semiconductors is a useful approach to realize complementary logic with thin-film 

transistors. 

Electronics based on oxide TFTs are approaching commercialization in display 

applications. In 2008, the use of amorphous oxide TFTs in electronic paper is 

demonstrated by Ito et al [21]. A 4-in. amorphous IGZO TFT array is combined with an 

electrophoretic frontplane with a display resolution of 200 ppi and a pixel number of 

640×480 (QVGA). In 2009, Jeong et al. [22] demonstrated using amorphous IGZO as an 

active-matrix backplane in a full-color, 12.1-in WXGA AMOLED display. In addition, 

many research groups have demonstrated oxide TFT based electronic components, 

including inverters, oscillators and amplifiers [23-26]. Other applications for oxide 

semiconductors includes sensors [27], light valve projector display and transparent 

displays. 

1.3.1 Charge transport in amorphous oxide semiconductors 

The theory of charge transport in amorphous oxide semiconductors was proposed 

by Hosono et al in 1996 [28, 29]. They observed high mobilities (> 5 cm2/V·) in different 

amorphous oxide semiconductors, including Cd2GeO4, AgSbO3 and Cd2PbO4, and 

proposed a hypothesis of finding AOS that exhibit mobilities higher than amorphous 

covalent-bonded semiconductors, such as amorphous silicon. Their hypothesis predicts 
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that amorphous oxides composed of heavy metal cations with an electronic configuration 

of (n-1)d10ns0

Figure 1.8

 may have high mobilities, due to large overlap between relevant orbitals 

[30].  

 is a schematic illustration of the formation of conduction pathways in 

metal-oxide based semiconductors. Studies on oxide semiconductors have shown that the 

bottom of the conduction band is composed of the ns orbital overlap of the metal actions, 

for example, the 5s Cd orbital overlap  in Cd2GeO4 Figure 1.8 [28]. As illustrated in  (a), 

the spatial spreading of the ns orbital and the overlap between the neighboring ns orbitals 

are larger for oxide semiconductor with heavy metal cations (M is the metal cation), and 

the overlap is insensitive to angular variation in the M−O−M bonds. As illustrated in 

Figure 1.8 (b) and (c), because of the nature of metal-cation ns orbital overlap, oxide 

semiconductors are insensitive to the M−O−M chemical bond fluctuation induced by 

amorphous structure. Thus, the mobility of an amorphous oxide semiconductor can be 

only slightly lower than that in the crystalline phase. In contrast, the minimum of the 

conduction band of a covalent semiconductor, such as silicon, is derived from the overlap 

between sp3 Figure 1.8 hybrid orbitals, as shown in  (d). These sp3

Figure 1.8

 orbitals are highly 

directional and the orbital overlap can be severely affected by the bond angle fluctuation 

in amorphous phase, as shown in  (e). Thus, the mobility of covalent 

semiconductor in amorphous phase can be a few orders lower than that in crystalline 

phase. 
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Figure 1.8: Schematic representation of (a) ns orbital overlap for metal oxides with 
heavy and light metal cations; conduction pathways for crystalline (b) and 
amorphous (c) ionic oxide semiconductors, and crystalline (d) and 
amorphous (e) covalent semiconductors. 

 

1.3.2 Solution-processed oxide semiconductors 

In the past decade, a wide range of methods have been developed to deposit the 

oxide semiconductor thin films. Vacuum-based deposition methods can achieve higher 

device uniformity and can be processed at lower temperatures. Vacuum-based methods 

include atomic–layer deposition (ALD) [31], plasma-enhanced atomic-layer deposition 

(a)

(b)

(d)

(c)

(e)
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(PEALD) [25], pulse laser deposition [18, 24] and RF magnetron sputtering [9, 32]. 

However, ease of processing is essential to the development of inexpensive and easy-to-

deploy technologies. Manufacturing processes that avoid expensive and cumbersome 

high-vacuum tools will be highly desirable. Solution process is an alternative to meet this 

requirement. Through a sol-gel approach, the precursors of oxide semiconductors can be 

processed with solution-based methods to form precursor thin films, and later converted 

to oxide semiconductor thin films after a thermal annealing process. Solution-based 

deposition methods include spin coating [33, 34], inkjet printing [35, 36], dip coating 

[14] and spray coating. The potential for large area deposition, roll to roll printing, and 

high manufacturing throughput makes solution-processable oxide semiconductors 

especially attractive to low-cost electronics, such as radio frequency identification, 

electronic papers and disposable electronics. In addition, recent reports show that the 

resulted performance of solution-processed TFTs can be comparable with high-vacuum 

deposition approaches [14, 37, 38].  

Choice of gate dielectric is also very critical in a solution-processed TFT. The 

surface energy and properties of the dielectric film can significantly affect the TFT 

performance. Since the channel of a TFT is induced in the semiconductor close to the 

insulator, an electronically clean and smooth insulator-semiconductor interface can 

improve the performance of TFTs.   

1.4 ORGANIZATION OF THE DISSERTATION 

The purpose of this dissertation is to describe the development of high 

performance circuitry based on solution-processed amorphous oxide semiconductors 

(AOS). Device fabrication, material and device characterization, charge transport in 

TFTs, and circuit applications are discussed.  
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This dissertation is divided into seven chapters. Chapter 2 describes fabrication 

and characterization of a high-k and solution-processed dielectric material, ZrO2

 

, which 

is employed as the gate dielectric in most of the devices and circuits that have been 

studied. Chapter 3 describes fabrication and characterization of a solution-processed 

oxide semiconductor, zinc tin oxide (ZTO). Effects of process condition and device 

structure on TFT performance are discussed in this chapter. Chapter 4 presents AOS TFT 

based circuit applications, including inverters, oscillators and amplifiers. Chapter 5 

describes the study of  charge transport in AOS-based TFTs in steady state and transient 

conditions. Chapter 6 describes fabrication and characterization of organic 

semiconductors with vacuum and solution-based processing techniques. Effects of device 

structure and surface treatment on organic TFTs are discussed in this chapter. Chapter 7 

summarizes the conclusions drawn from this study and presents recommendations for 

future work. 
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Chapter 2 Solution-Processed High-k  Dielectrics 

2.1 INTRODUCTION 

High-k dielectrics have been widely employed in field-effect transistors (FETs) to 

facilitate low voltage operation. A high dielectric constant enables the use of a thick 

dielectric layer and reduces the electron tunneling current. Many material systems have 

been investigated, including HfO2, ZrO2, Y2O3, Al2O3 and their alloys [39]. The main 

deposition approaches for these high-k dielectrics are vacuum-based deposition methods, 

such as atomic layer deposition, sputtering and pulse laser deposition [18, 25, 31, 40-43]. 

However, these process techniques may not be compatible with low-cost fabrication and 

high throughput, which are critical for low-cost electronics. Deposition with solution 

approaches has been studied as an alternative and a few material systems have been 

demonstrated, including HfO2, TiO2 and ZrO2

2.2 SOLUTION-PROCESSED ZIRCONIUM OXIDE 

 [44-48]. In addition, hybrid organic/high-

k dielectric systems have been investigated in applications for organic thin-film 

transistors [45, 46]. 

The solution-processed ZrO2 was processed with a sol-gel method. ZrO2 

precursor solution was synthesized by dissolving 0.25 M of zirconium chloride [ZrCl4] 

and 0.25 M of zirconium isopropoxide isopropanol complex, 

Zr[OCH(CH3)2]4·(CH3)CHOH, powders in 2-methoxyethanol. All of the chemicals were 

bought from Sigma Aldrich (Saint Louis, MO). ZrO2

The properties of the solution-processed ZrO

 precursor solution was mixed with 

a spin bar for two hours before spin-coating. 

2

Figure 2.1

 dielectric were studied with a 

metal-insulator-metal (MIM) structure, as shown in . The substrate was glass 

(SCHOTT Glass, Elmsford, NY, AF32eco) coated with 40 nm of Au0.4Pd0.6 (AuPd). 
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Prepared precursor solution was filtered through a 0.2 µm polytetrafluoroethylene 

(PTFE) filter and spin-coated at 2000 rpm for 1 min in a nitrogen glove box. Then the 

ZrO2 precursors were converted to ZrO2

 

 by thermal annealing on a hotplate in the 

ambient air for 1 hr. Three annealing temperatures, 300 °C, 400 °C and 500 °C, were 

studied. The deposition process was repeated once to form a dual-layer structure. 100 nm 

of Al was deposited through a shadow mask with a thermal evaporator as top metal 

electrodes.  

 

Figure 2.1:  Metal-insulator-metal structure for dielectric property characterization. 

Figure 2.2(a) shows the tunneling current densities as a function of applied 

voltage bias for devices with different annealing temperatures. At each temperature, 14 

devices throughout the 1” by 1” sample area were measured. The tunneling current 

density level for devices with annealing temperatures of 500 °C and 400 °C are similar, 

less than 100 nA/cm2

Figure 2.2

 at 10 V of applied voltage bias, and is higher for device with 

annealing temperature of 300 °C. The performance of the solution-processed dielectric 

film is uniform throughout the 1” by 1” area. The corresponding capacitance values as a 

function of frequency is shown in (b). Devices with annealing temperatures of 

500 °C and 400 °C are stable in the range of frequencies measured, as compared to the 

devices annealed at 300 °C. Annealing temperature of 500 °C resulted in the highest 

capacitance value. The inset in Figure 2.2(b) is an example of measured capacitance as a 

Glass
AuPd
ZrO2

Al
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function of applied voltage bias. In this example, the annealing temperature is 400 °C and 

the measuring frequency is 1 MHz. The measured capacitance values are constant 

throughout the applied voltage bias and hysteresis is negligible (not shown in the figure). 
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Figure 2.2:  Electrical characterization of the ZrO2 films annealed at different 
temperatures. (a) Tunneling current density as a function of voltage bias. (b) 
Capacitance as a function of frequency measured. The inset shows the 
capacitance-voltage plot at 1 MHz of a device annealed at 400 ⁰C. 

One of the main advantages of high-k dielectrics is the ability to induce high 

carrier concentrations while using a relatively thick dielectric, thereby reducing the 

tunneling current. Thus, the tunneling current level at a specific sheet carrier 
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concentration is a key parameter to determine the quality of a dielectric. Taking the 

dielectric annealed at 500 °C as an example, the dielectric can induce a sheet carrier 

concentration of 1.5×1013 cm-2 at a bias voltage of 10 V, given the capacitance value of 

240 nF/cm2, while keeping the tunneling current density less than 100 nA/cm2

The film composition of the solution-processed ZrO

. Solution-

processed dielectric with such high performance is a result of employing a dual-layer 

dielectric structure. Given the nature of a solution-processed film, pin holes exist in the 

film as the solvent evaporates and/or as the precursor converts to the oxide form. A 

second layer of solution-processed film fills in and eliminates the existing pin holes, and 

keeps the tunneling current low. 

2 was studied with x-ray 

photoelectron spectroscopy (XPS), and the film roughness and thickness were studied 

with atomic force microscope (AFM) and ellipsometer. ZrO2 films deposited on 

AuPd-coated glass substrate were used for XPS and AFM measurements while ZrO2 

films on Si/SiO2 Figure 2.3 substrate were used for ellipsometer measurement.  shows the 

XPS spectra of the films annealed at different temperatures. Films with different 

annealing temperatures have almost identical spectra. Elements of zirconium and oxygen 

have an atomic molar ratio close to 1:2, as shown in Table 2.1. No chloride element was 

detected in all three samples, which indicates the precursors were fully converted to the 

oxide form. This result suggests that the ZrO2 films can be processed at a temperature 

equal or less than 300 °C, which makes it possible for depositing ZrO2

 

 on flexible 

substrates, such as Kapton films [48]. 
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Figure 2.3:  XPS spectra of the ZrO2 films annealed at (a) 500 °C, (b) 400 °C and (c) 
300 °C. 

 
Annealing 

Temperature 
Zirconium Oxygen 

500 °C 33.33 % 66.67 % 
400 °C 33.14 % 66.86 % 
300 °C 31.55 % 68.45 % 

Table 2.1:  Atomic molar ratio for the ZrO2 films annealed at different temperatures. 

600 550 500 450 400 350 300 250
0

5k
10k
15k
20k
25k
30k
35k

In
te

ns
ity

(C
ou

nt
s)

Binding Energy(eV)

Cl 2sO 1s Zr 3s Zr 3p- Zr 3p

C 1s

(a)

(b)

(c) 600 550 500 450 400 350 300 250
0

5k
10k
15k
20k
25k
30k
35k

In
te

ns
ity

(C
ou

nt
s)

Binding Energy(eV)

600 550 500 450 400 350 300 250
0

5k
10k
15k
20k
25k
30k
35k

In
te

ns
ity

(C
ou

nt
s)

Binding Energy(eV)



 25 

Figure 2.4 shows the AFM images of the surface of the ZrO2

Table 2.2

 films annealed at 

different temperatures. The scanning size is 5 µm × 2.5 µm while the inset shows a 

scanning size of 1 µm × 1 µm. Surface roughness and film thickness information are 

summarized in . The annealing temperature of 300 °C results in a thicker film 

with rougher surface, which indicates a loosely packed structure and might be the cause 

of lower capacitance value and higher tunneling current observed in Figure 2.2. All the 

films processed at different temperatures have a root-mean-square average roughness 

(Rq) less than 1 nm, which is very smooth for solution-processed dielectrics. A smooth 

dielectric surface is critical for a well-behaved FET because the dielectric/semiconductor 

interface can affect the interfacial trap density and related FET behaviors, including 

stability and subthreshold slope. 
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Figure 2.4: AFM images of the surface of ZrO2 films annealed at (a) 500 °C, (b) 400 °C 
and (c) 300 °C. The scanning size of the inset images are 1 µm by 1 µm. 

 
Annealing 

Temperature 
Rq (nm) Thickness (nm) 

500 °C  0.386 90.8 
400 °C  0.331 88.0 
300 °C  0.640 96.8 

Table 2.2  Surface roughness and film thickness of the ZrO2 films annealed at different 
temperatures. 

(a)

(b)

(c)
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2.3 CONCLUSION 

ZrO2

 

 dielectric processed with solution approach is of high quality. Smooth film 

surface and the ability to induce high carrier concentration are observed. The annealing 

temperature of 500 °C results in the highest capacitance value and the lowest tunneling 

current density. 
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 Chapter 3 Solution-Processed ZTO based TFTs 

3.1 INTRODUCTION 

Amorphous oxide semiconductors (AOS) have attracted lots of research interest 

in the past few years. High mobility, stability in ambient air and transparency due to their 

wide band gap make them promising for use in a wide variety of applications, including 

sensors [27], panel display [21, 22] and circuits [23-25, 32, 35, 49]. Traditional 

deposition approaches for oxide semiconductors are based on vacuum deposition 

systems, such as pulse laser deposition and rf magnetron sputtering [9, 15, 18, 23, 50] 

that will enhance manufacturing cost. In contrast, solution-based deposition processes 

offer the advantages of low cost, high throughput and large-area coverage, which make 

them especially attractive for low-cost electronics. Several solution-based deposition 

approaches have been developed for metal-oxide semiconductors, including spin coating 

[33, 51], dip coating [14] and inkjet printing [36, 51]. Recently, high-mobility solution-

processed zinc-tin oxide (ZTO) thin-film transistors (TFTs) have been demonstrated by 

many research groups [13-15]. 

3.2 SOLUTION-PROCESSED ZINC-TIN OXIDE 

A sol-gel based solution process was employed to deposit the ZTO thin films. The 

ZTO precursor solution was prepared by dissolving zinc chloride [ZnCl2] and tin chloride 

[SnCl2] powders in acetonitrile [CH3CN]. The concentration of the ZTO precursor 

solution is 0.24 M with the ZnCl2/SnCl2 molar ratio of 1. The precursor solution of ZTO 

was filtered through a 0.2 µm PTFE filter and spin-coated on a substrate at 6000 rpm for 

1 minute in a nitrogen box. A solution evaporation process was carried out in the nitrogen 

box, and the effect of this process step will be discussed in section 3.3.1. The ZTO 

precursor film was then converted to ZTO by annealing at 500 ̊ C for 1 hour in air.  
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3.3 ZTO TFTS WITH NON-PATTERNED GATE 

Device configuration of TFTs affects the device operation and can significantly 

change device performance. The high annealing temperature of the ZTO process limits 

the choice of device configuration. A bottom gate and top contact structure is chosen for 

the ZTO TFTs. The configuration of the gate electrode and its overlap with the source 

and drain electrodes can also affect the device performance. Generally, a non-patterned 

gate structure provides a smooth underlying surface and facilitates growing a continuous 

film on top. This structure is especially attractive for initial characterization of new 

material systems.  

ZTO TFTs with non-patterned gate structure are shown in Figure 3.1. Devices 

were fabricated on a glass substrate with a top-contact configuration. Ti/AuPd 

(2.5 nm/40 nm) was deposited as the gate electrode by an e-beam evaporator. The 

deposition process of the ZrO2

 

 and ZTO layers have been discussed in section 2.2 and 

3.3, respectively. After these thin-film depositions, 40 nm Al was deposited as the S/D 

electrodes through a shadow mask with a thermal evaporator. The channel length and 

channel width are 1000 µm and 50 µm, respectively (W/L=20). 

 

Figure 3.1:  Device configuration of non-patterned-gate ZTO TFTs. 

Glass
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ZrO2
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3.3.1 Effects of post-deposition annealing  

High mobilities, performance uniformity and operational stability are critical for 

circuit applications. In solution-based process, several process details can affect 

performance and uniformity. For example, device performance of solution-processed 

TFTs is closely related to the dielectric selection [16], annealing temperature [15], and 

deposition temperature [27, 36]. On the other hand, performance uniformity can be 

compromised when the process condition vary from one device to the other. Thickness 

variation [36] and non-uniform temperatures  during the annealing process are two major 

sources that induce performance fluctuation throughout a film. However, relatively little 

attention has been devoted to study the solution-process induced performance variation. 

In this section, the effect of ZTO pre-bake condition on device performance and 

uniformity is studied.  

During the process of the ZTO film, three different ZTO pre-bake conditions were 

compared:  first, pre-bake at 80̊C for 10 minutes; sec ond, pre-bake at 100̊C for 10 

minutes; third, pre-bake at 100̊ C for 30 minutes. These pre-bake processes were carried 

out in a nitrogen box right after the spin-coating of the ZTO precursor films. The purpose 

of these prebake processes is to evaporate the solvent residual in the ZTO precursor films 

and prevent issues that caused by rapid solvent evaporation during the annealing process. 

The transfer curves for devices in different position on the sample (device in the 

center and device in the edge, about ½” apart) and with different ZTO pre-bake 

conditions are compared in Figure 3.2. VG is the gate voltage and ID is the drain current. 

Drain voltage (VD) is kept at 5 V. Different pre-bake conditions result in different 

degrees of performance variation between devices in the center and devices in the edge. 

The performance variation is most significant for the onset voltage (VON), defined as the 

gate voltage corresponding to the onset of abrupt current increase in a log (ID)-VG plot. 
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Devices in the center typically have a lower VON value compared to devices in the edge. 

The VON variation suggests that the ZTO film has position-dependent trap/doping density 

throughout the sample. We attribute this dependence to the trap/defect density variation 

in the ZrO2

Figure 3.2

/ZTO interface, caused by non-uniform thermal distribution during the ZTO 

annealing. As shown in  (c), VON variation is the least for sample 3, which have 

elevated pre-bake temperature and duration. The reason is that the ZTO pre-bake process 

not only removed residual solvent but also helped arrange the ZrO2

 

/ZTO interface. Thus, 

the pre-arranged interface makes the device performance in different position less 

affected by the non-uniform thermal distribution during the annealing process, and results 

in more uniform performance throughout the sample. Compared to sample 1 and 2, 

sample 3 shows the least forward/backward hysteresis.  

Figure 3.2:  Transfer curves for ZTO TFTs in different position and with different ZTO 
pre-bake conditions: (a) sample 1, 80 ˚C for 10 minutes (b) sample 2, 100 ˚C 
for 10 minutes (c) sample 3, 100 ˚C for 30 minutes. Copyright 2010, 
American Institute of Physics. 

 

The modified ZrO2/ZTO interface also reduces the interfacial trap density, as a 
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threshold swing (SS) have been observed with increasing pre-bake temperature and 

duration, summarized in Table 3.1. Comparing the center device of each sample, mobility 

at VG = VD = 5 V increases from 4.5 cm2/V·s to 16.2 cm2/V·s with a SS of 122 

mV/decade and an on/off ratio ~107

 

. 

 Values extracted from the center device  

ZTO pre-bake 
condition 

Max. mobility 
(VG=VD=5 V) 

On/off 
ratio 

Subthreshold 
swing 

(V/decade) 
80 ˚C for 10 minutes 4.5 cm2/V·s <106 NA 

100 ˚C for 10 minutes 8.3 cm2/V·s ~106 198 m 
100 ˚C for 30 minutes 16.2 cm2/V·s ~107 122 m 

Table 3.1:  Summary of device characteristics (center device) for samples with different 
ZTO pre-bake conditions. Reprinted with permission from C. G. Lee and A. 
Dodabalapur, Appl. Phys. Lett., vol. 96, p. 243501, Jun 2010. Copyright 
2010, American Institute of Physics. 

The bias-stress effect has also been studied for these three samples. Drain current 

was measured as a function of time with a bias stress VG = VD 

Figure 3.3

= 5 V for 10 minutes. As 

shown in , sample 3 shows significantly less bias stress compared to sample 1 

and 2. An important origin of bias stress is associated with charging and discharging of 

the temporal trap states close to the semiconductor/dielectric interface [52]. The least bias 

stress of sample 3 indicates the least temporal trap density, which is in accordance with 

our hypothesis that increased pre-bake temperature and time helps ZrO2/ZTO interfacial 

arrangement and decreases trap density.  



 33 

 

Figure 3.3: Bias stress measurement at VG = VD = 5 V for samples with different ZTO 
pre-bake conditions. Copyright 2010, American Institute of Physics. 

Transfer curves before and after 5 minutes of bias stress were compared for 

sample 1 and 3, as shown in Figure 3.4. For sample 1, the 5 minutes bias stress charged 

the temporal trap states and screened the gate voltage, and resulted in a significant VON 

shift. These trapped charges can be slowly released and shift the VON back to 0 V with a 

lead time of 8 minutes. In contrast, the VON

Figure 3.5

 shift for sample 3 is very small, which is a 

result of minimized interfacial trap states.  shows the output characteristics and 

transfer curve for the center device in sample 3 operating at 10 V. A saturation mobility 

of 27.3 cm2/V·s has been measured at an elevated carrier concentration (VG = VD 

Figure 3.5

= 10V), 

as shown in (b). The VG-dependent mobility is caused by raising the Fermi 

level closer to the conduction band, which will be discussed in section 5.2. This high 

field-effect mobility (27.3 cm2/V·s) and low sub-threshold swing (122 mV/decade) is 

comparable with vacuum-deposited ZTO TFTs. The sharp decrease in SS indicates an 

electronic clean ZrO2
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Figure 3.4: Transfer curves before and after 5 minutes of bias stress for (a) sample 1 (b) 
sample 3.  

 

Figure 3.5: (a) Output characteristics and (b) transfer curve at elevated carrier 
concentrations for the center device of sample 3. Copyright 2010, American 
Institute of Physics. 
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3.4 ZTO TFTS WITH SELF ALIGNMENT STRUCTURE 

The overlap between the gate electrode and the source/drain electrodes induces 

additional capacitance and affects the circuit performance. Direct patterning the gate 

electrodes and self-aligning the source/drain electrodes to the gate is one approach to 

reduce the overlap capacitance. However, patterned gate structure can induce surface 

relief and affects the continuous growth of the materials on top. This phenomenon is 

especially prominent when growing materials with solution-processed approaches and 

extra care needs to be taken. 

Self-alignment of source and drain with the gate has been studied by many groups 

[53, 54] to minimize the overlap capacitance between the sour/drain and the gate. This 

approach can also be implemented on flexible substrates, including plastics [54]. In this 

section, a self-alignment process is adopted in fabricating solution-processed ZTO TFTs 

and the effect of surface relief induced by patterned-gate structure is studied. 

A patterned bottom-gate, top-contact device architecture was employed. The 

substrate was glass (AF32, Schott) and the gate electrode (2.5 nm Ti/40 nm AuPd) was 

deposited by an e-beam evaporator. An optional etching process was employed prior to 

the metal deposition to fabricate a recessed gate structure. After patterning the gate 

electrode region, a depth equivalent to the thickness of the metal deposited was etched 

with a reactive ion etcher (RIE). The reactive ion etching was performed in CHF3/O2

Figure 3.6

 at a 

pressure of 40 mTorr with an etch rate of 30 nm/min. The photoresist that is used as the 

protecting layer for the glass etching is also used to define the gate electrodes. An 

exemplary fabrication process for a self-aligned device with recessed gate is illustrated in 

. After deposition of the ZrO2 and ZTO thin films, the S/D contact regions 

were self-aligned to the gate by a backside exposure, and then Al was thermally 

deposited to a thickness of 40 nm and followed by a liftoff process. The resulted channel 
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length and width are 8 µm and 200 µm, respectively. To make the gate contact, ZrO2

 

 and 

ZTO films in the corner were removed right after spin coating. An indium contact was 

made to the AuPd in the corner in the end of the process.  

 

Figure 3.6:  Fabrication process for ZTO TFTs with self-aligned structure 

3.4.1 Effect of recessed gate structure 

Devices with both non-recessed and recessed gate electrode were fabricated in 

parallel to study the effect of surface relief caused by the patterned gate. Figure 3.7 

illustrate the cross section of the device structures. 
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Figure 3.7:  Cross section of device structures with (a) non-recessed and (b) recessed 
gate electrode. 

Figure 3.8 and Figure 3.9 show the electrical characteristics for the devices with 

different gate configurations. The insets of the transfer plots shows the leakage current 

compared to the drain current at low gate voltage. The output characteristics (VDID) plots 

show that the contact regions are ohmic and large current levels are obtained. The low 

drain current level at high gate-to-drain voltage indicates low leakage current through the 

gate dielectric. Comparing the transfer curve (VGID) plots for these devices, we can find 

that the devices with recessed gate electrodes exhibit improved sub-threshold slope, SS 

(0.23 V/decade), lower off current (~20 pA), and higher on/off ratio (>106). The 

saturation mobility values are 2.2 and 2.5 (cm2/V·s) for devices with non-recessed and 

recessed gate electrodes, respectively, calculated at VG = VD = 5 V. Increased mobility 

values (3-4 cm2/V·s) are observed at higher carrier concentration (corresponding to VG= 

10 V), due to a known gate voltage dependence [5]. By comparing the off current (ID) to 

the gate leakage current (IG) in the VGID Figure 3.8 plot, as shown in the insets in (b) and 

Figure 3.9(b), we found that the off current of the device with recessed gate structure is 

limited by the gate leakage while the off current of device with non-recessed structure 

comes from the drain to the source electrodes. 
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Figure 3.8: (a) Output characteristics and (b) transfer curves for devices with non-
recessed gate electrode. The inset compares the leakage current with the 
drain current at low gate voltage. 

 

Figure 3.9: (a) Output characteristics and (b) transfer curves for devices with recessed 
gate electrode. The inset compares the leakage current with the drain current 
at low gate voltage. 

The improved SS and on/off ratio of the devices with recessed gate electrode 

indicates that the improved underlying surface relief has a significant effect on reducing 

defect states, which is not easily discernible by surface morphology measurements. Our 
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hypothesis is that the gate-induced surface unevenness disrupts the distribution of the 

ZTO precursor and results in a higher defect density. The existence of the defect states 

also explains the high off current observed in device with non-recessed gate electrode. In 

contrast, since the underlying surface of the device with recessed gate electrode is 

relatively flat, the quality of the semiconductor layer is almost unaffected and resulted in 

lower defect density. As a result, device with recessed gate structure has significantly 

improved off current and SS. The low sub-threshold slope (0.23 V/decade) indicates a 

low density of trap or defect states in the ZTO TFTs. 

3.5 ZTO TFTS WITH PATTERNED-GATE STRUCTURE 

Direct patterning the gate electrode and aligning the source and drain contact 

regions with the gate is the most intuitive approach to decrease the overlap between the 

gate electrode and the source/drain electrodes. Compared to previous structures, an 

etching process to form via is required to access the gate. The fabrication process is 

illustrated in Figure 3.10. A patterned bottom-gate, top-contact device architecture was 

employed in this structure. The processes for the fabricating patterned gate, ZrO2 and 

ZTO films are the same as the devices with self-alignment structure. After ZTO 

deposition, via region was patterned with photolithography and etched with RIE. The 

reactive ion etching was performed in CHF3/O2

Figure 3.10

 at a pressure of 40 mTorr. Silver is 

deposited with an e-beam evaporator to form via plug and followed by a liftoff process. 

Then, the ZTO active layer is patterned by photolithography and etched with RIE to 

isolate individual devices. Finally, the S/D regions were patterned with photolithography. 

40 nm Al was deposited with a thermal evaporator and followed by liftoff. In , 

the left part of the figures shows the cross section of the transistor region and the right 

part shows the gate contact region. 
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Figure 3.10: Fabrication process for TFTs with patterned-gate structure. 
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Figure 3.11 shows the electrical characteristics of devices with patterned-gate 

configuration. The channel width and length are 1000 µm and 18 µm. A mobility of 4.5 

cm2/V·s, a SS of 0.82 V/decade, and an on/off ratio of ~103

Figure 3.11

 were observed. Compared to 

previous configurations, devices with patterned-gate structure have lower tunneling 

current through the gate dielectric, as shown in  (b), but significantly lower 

on/off ratio and higher SS. The lower tunneling current through the gate dielectric is 

caused by both patterned active layer and reduced overlap area between the gate and 

source/drain regions. The patterned semiconductor prevents current spreading in the 

active layer when the device is operating in the accumulation mode. The reduced overlap 

between gate electrode and S/D contacts reduces the effective area of electron tunneling.  

The reduced on/off ratio and higher SS are results of the disruption of continuous 

growth of ZTO layer caused by the patterned-gate structure. It is observed that there are 

spikes existing in the edge of the patterned gates; even a recessed-gate structure is 

employed. In this configuration, uniformity of device performance is very challenging. 

Moreover, charge injection from the contact electrodes to the channel is limited by the 

contact resistance and the resulted mobility decreases with shrinking channel length. It is 

possible that the high contact resistance is also originated from the disruption of 

continuous growth of ZTO film. 



 42 

 

Figure 3.11: (a) Output characteristics and (b) transfer curve for device with patterned-
gate structure. 

One way to improve the device performance and uniformity is using an extended-

gate structure. As shown in Figure 3.12 (a), a regular patterned gate configuration 

minimizes the overlap capacitance by reducing the overlap area between the gate 

electrode and the source/drain contacts. The orange parts represent the overlap region 

between gate and source/drain contacts. However, the continuous growth of the solution-

processed oxide semiconductor on the narrow gate can be seriously affected by the edge 

spike and surface energy difference between the gate and the substrate. Alternatively, by 

employing an extended-gate structure, as shown in Figure 3.12 (b), the oxide 

semiconductor is deposited on a gate region with significantly larger area. This structure 

keeps the edge spike away from the channel region and facilitates a continuous growth of 

oxide semiconductor in the channel region. With this structure, the finger width of the 

source/drain contacts needs to be aggressively shrunk to reduce the overlap capacitance. 

Compared to a TFT with regular patterned-gate structure and 2-µm overlap, a TFT with 

extended-gate structure and 4-µm wide fingers have roughly the same overlap 
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capacitance as long as the aspect ratio is kept large enough. The other advantage of using 

extended-gate structure is easy processing. The nature of the extended gate gives 

tolerance to aligning error and is favorable for printing technology, such as nano-imprint 

lithography. 

 

Figure 3.12: Top view of devices with (a) regular patterned-gate structure (b) extended-
gate structure. 

Preliminary results of the circuits with extended gate structure are discussed in 

chapter 4.  

 

3.6 CONCLUSION 

TFTs based on solution-processed oxide semiconductor exhibit high mobility (> 

20 cm2/V·s), high on/off ratio (> 107

S
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) and small sub-threshold slope (~110 mV/decade). 

Device performance is closely related to the device structure and fabrication process. 

TFTs with patterned-gate structure are critical to realize circuit applications and some 
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challenges exist when combining solution process with the patterned-gate structure. In 

this chapter, we discussed multiple approaches to address this issue. 
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Chapter 4 Zinc-tin oxide based circuits 

4.1 INTRODUCTION 

Amorphous oxide semiconductors (AOS) have been extensively studied for 

circuit applications, such as inverters [23, 32], ring oscillators [26], transparent switch in 

AMLCD, memory device [55], and active-matrix backplane in AMOLED [22]. Most of 

the AOS-based TFTs used in the circuits are processed with high-vacuum systems even 

though solution-based processes have the advantages of easy processing, low fabrication 

cost and potential for large coverage area. This is because uniformity of device 

performance is a challenging issue when applying the solution-processed AOS into more 

complex circuits. In this chapter, techniques to improve the uniformity are discussed, and 

basic circuits based on solution-processed zinc-tin oxide (ZTO) TFTs are demonstrated, 

including inverters, ring oscillators and common-source amplifiers.  

4.2 INVERTER 

An inverter stage is a basic building block for digital circuits. Inverter circuits 

based on n-channel AOS TFTs have been demonstrated with high-vacuum deposited 

AOS materials such as ZnO and ZTO [23, 24, 32]. Although inverter circuits based on 

solution-processed ZTO have been reported [35], the resultant inverters have issues such 

as low static gain and non-uniform performance. By optimizing the fabrication process 

and designing the aspect ratios of the load and driver TFTs, inverter circuits with uniform 

and better performance have been fabricated and the results are demonstrated in this 

section.  

Figure 4.1(a) shows the circuit diagram of an inverter designed using all n-

channel, solution-processed ZTO TFTs. We constructed an enhancement-loaded inverter 

circuit by connecting a ZTO TFT (the driver transistor) with a diode-connected 
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enhancement load TFT (the load transistor). Fabrication process of this all n-channel 

inverter is described in section 3.5. A bottom-gate and top-contact device structure with 

patterned-gate electrodes was employed. The transistor dimensions are 1000 µm/18 µm 

(W/L) for the driver transistor and 20 µm/12 µm (W/L) for the load transistor. Figure 4.1 

(b) shows the output characteristics of the driver transistor. 

 

Figure 4.1: (a) Circuit diagram of the all n-channel ZTO-based TFT. (b) Output 
characteristics of the driver transistor with channel width and length of 1000 
µm and 18 µm. 

 Since the gate and drain of the load transistor are connected, we have VGS = VDS, 

which allows the load transistor to operate in saturation regime, VDS > VGS – VT (VT
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0). Hence, the drain current is: 

( ) ( )2 2
D L GSL TL L DSL TLI K V V K V V= − = −  (4. 1) 

where KL is the characteristic constant of the load transistor and VGSL, VDSL and VTL are 

its gate-to-source voltage, drain-to-source voltage and threshold voltage, respectively. 
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mode and does not conduct. Thus, the output node is pulled up by the load transistor, 

which is conducting in the saturation regime. As VIN reaches a certain level (VGSD > VT

 

), 

it turns the driver transistor on, and the driver transistor begins to operate in saturation 

regime: 

( ) ( )2 2
D D GSD TD L GSL TLI K V V K V V= − = −  (4. 2) 

where KD is the characteristic constant of the driver transistor, and VGSD and VTD are its 

gate-to-source voltage and the threshold voltage, respectively. By substituting VGSD = 

VIN and VGSL = VDD – VOUT in Eq. (4.2), the expression for VOUT

  

 becomes: 

( )/OUT DD TL D L IN TDV V V K K V V= − − −  (4. 3) 

In this regime, the increasing VIN pulls down the VOUT

Figure 4.2

, and both the driver and 

load transistors are in saturation, as shown as the transition region in  (a). This 

continues till VOUT < VIN – VTD

Voltage transfer characteristics (VTC) and the static gain of the inverter are 

illustrated in 

 where the driver transistor enters linear regime, and 

eventually the transfer characteristics flattens out. In the flat region of the curve, load 

TFT is conducting in the saturation regime while driver is in linear regime. 

Figure 4.2. The inset shows an optical image of this all n-channel, solution-

processed inverter. With a VDD of 10 V, the resulted minimum input voltage at the logic 

high state (VIH) is 2.2 V and the maximum input voltage at the low logic state (VIL) is 

0.8V. The inverter has a minimum output high voltage (VOH) of 8.7 V, a maximum 

output low voltage (VOL

O

I

dV
dV

) of 0.2 V, i.e. an output voltage swing of 8.5V. The maximum 

gain ( ) of this inverter is as high as -9. 



 48 

 

Figure 4.2: (a) Voltage transfer characteristics and (b) Static gain of an inverter with all 
n-channel, solution-processed ZTO TFTs. The inset shows an optical image 
of this inverter. 

To lower down the operating voltage, a thinner gate dielectric layer was employed 

in inverter fabrication. As in the fabrication process described in chapter 2 and results in 

Figure 4.1 and Figure 4.2, the final thickness of the ZrO2 dielectric film is approximately 

90 nm. By using a ZrO2 precursor solution with 1/3 concentration, the resulted thickness 

and capacitance value of the gate insulator are 30 nm and 650 nF/cm2 Figure 4.3.  shows 

the voltage transfer characteristics and static gain of the inverter with such gate dielectric. 
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voltages of the FETs, the inverter gain can be adjusted to occur at more useful voltages 

(larger VIN

 

). 

Figure 4.3: (a) Voltage transfer characteristics and (b) static gain of an inverter with all 
n-channel ZTO TFTs and 30-nm thick gate dielectric. 

4.3 RING OSCILLATOR 

A ring oscillator is a device composed of an odd number of inverters whose 

output oscillates between two voltage levels. The inverters are connected in a chain and 

the output of the last inverter is fed back into the first. A ring oscillator is often used in 

clock generation circuits and as a tool to study the charging and discharging speed of the 

gate electrode.  

In 2008, Yin et al. demonstrated oscillators based on sputtered IGZO fabricated 

on silicon substrate and achieved a propagation delay below 1 ns/stage [56]. In 2010, 

Zhao et al. demonstrated oscillators based on PEALD-deposited ZnO on flexible 

substrates and achieved a propagation delay below 20 ns/stage [25]. However, almost all 

of these AOS active layers of the oscillators are based on high-vacuum deposition 

processes. Solution-processed TFTs exhibit severe uniformity issues once a patterned-
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gate configuration is employed, as discussed in chapter 3. To improve the uniformity of 

solution-processed TFTs, an extended-gate configuration is employed and the fabrication 

process is described in section 3.5.  

Figure 4.4 illustrates the circuit diagram of a seven-stage oscillator with all n-

channel, solution-processed ZTO TFTs. A picoprobe is used to measure the oscillating 

signal at the output node. The picoprobe has an ultralow input capacitance (0.1 pF) and 

high input resistance (1MΩ) to prevent loading the circuit. 

 

 

Figure 4.4: Circuit diagram of a seven-stage, n-channel oscillator.  

The output characteristics and transfer curve of a solution-processed ZTO TFT 

with extended-gate configuration is shown in Figure 4.5. The channel width and length of 

the TFT are 80 µm and 4 µm, respectively. Compared to TFTs with patterned-gate 

structure, TFTs with extended-gate structure have similar performance (mobility ~ 4 

cm2

VDD

VOUT

VGND

/V·s) but better uniformity on device performance, which makes it suitable for more 

complex circuits such as oscillator. 
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Figure 4.5: (a) Output characteristics and (b) transfer curve of a TFT with an extended-
gate structure. The channel width and length are 80 µm and 4 µm. 

Each inverter stage in Figure 4.4 has a beta ratio of 20 with driver transistor 

dimensions of Wdriver = 600 µm and Ldriver = 4 µm, and load transistor dimensions of 

WLoad = 30 µm and LLoad Figure 4.6 = 4 µm.  (a) shows the output characteristics of the 

seven-stage oscillator operating at 76.5 kHz with a supply voltage of 11 V. Figure 4.6 (b) 

shows the oscillation frequency and propagation delay as a function of the supply 

voltage. The circuit operates at VDD
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 as low as 3V and oscillates at 106 kHz with a supply 

voltage of 14 V, corresponding to a propagation delay of 0.67 µs/stage. Propagation 

delay τ is calculated by: 
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 1
2nf

τ =  (4. 4) 

where n is the number of stage and f is the oscillation frequency. 

 

Figure 4.6: (a) Output characteristics of a seven-stage oscillator with an oscillation 
frequency of 76.5 kHz at VDD = 11 V. (b) Oscillation frequency and 
propagation delay as a function of supply voltage. 
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as shown in Figure 4.7. Overlap capacitance and thus the frequency of oscillation is 

determined by the width of the finger and the aspect ratio (W/L) of the channel. One easy 

approach to reduce the overlap capacitance and increase the oscillation frequency is by 

reducing the width of the finger. The width of the fingers in our current design is 10 µm, 

and can be significantly reduced by using techniques such as nano-imprint lithography. In 

addition, designs for this oscillator can use relaxed layout rules (large alignment 

tolerance) for aligning the gate and source/drain pattern and no fine alignment is required. 

This advantage is especially attractive for printing processes and device on flexible 

substrates, where fine alignment is hard to achieve. 

 

 

Figure 4.7: Top view of a TFT with an extended-gate structure. The finger area of the 
source and drain contacts contribute to the overlap capacitance. 

4.4 AMPLIFIER 

An amplifier circuit is used to increase the power or amplitude of an input signal, 

which is usually a voltage or current. It is a basic building block in analog circuit design. 

The gain of an amplifier is the ratio of its output to input signal. Common-source (CS) 
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amplifier is one of the three basic single-stage amplifier topologies. Figure 4.8 (a) shows 

the circuit diagram of a CS amplifier with diode connected load. The circuit configuration 

of the CS amplifier is very similar to the n-channel inverter with enhancement load, as 

described in section 4.2, except that the input voltage is a small-amplitude ac signal (vin) 

superimposed on a dc voltage (VIN

Figure 4.2

). The amplifier is biased such that the inverter 

operates with the highest static gain. For example, by connecting the inverter shown in 

 (b) as a CS amplifier, the input voltage VIN is set to a dc offset of 1.8 V and an 

ac signal with amplitude of 350 mV is applied as vin Figure 4.8.  (b) shows the input and 

amplified output signal at a frequency of 1 kHz with a supply voltage VDD Figure 

4.8

 = 10 V. 

 (c) demonstrates the ac gain as a function of the frequency of vin

1 2

. The bandwidth of 

this circuit is observed to be around 4 kHz. Bandwidth is defined as the frequency where 

the voltage gain drops to of its low-frequency value, also known as the 3 dB 

frequency. The bandwidth is restricted mainly by the RC constant of the parasitic present 

at the output node. Thus, the capacitive loading caused by the measuring probes, 

measurement setup and overlap capacitance of the transistors can affect the bandwidth. 
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Figure 4.8: (a) Schematic illustration of a common source amplifier. (b) Small-signal 
input and output waveforms. (c) AC gain as a function of frequency. 

4.5 CONCLUSION 

Circuits with n-channel, solution-processed ZTO TFTs have been demonstrated, 

including inverters, ring oscillators and common-source amplifiers. By employing an 

extended-gate configuration, better uniformity of device performance can be achieved, 

which makes it possible to realize more complex circuits with solution-processed ZTO 

TFTs. In chapter 7, the design, fabrication and characterization of an operational 

amplifier based on solution-processed ZTO TFTs will be discussed. 
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Chapter 5 Transport in zinc-tin oxide thin-film transistors 

5.1 INTRODUCTION 

Charge transport in field effect transistors (FETs) is determined by factors such as 

the intrinsic properties of the materials, the measurement temperature, the density of 

defect states, and the relative position of the Fermi level. Transport in amorphous systems 

has been widely studied in organic semiconductors [57] and amorphous silicon [6]. 

However, relatively few reports have studied the transport phenomenon in amorphous 

oxide semiconductors (AOS). 

AOS-based thin-film transistors (TFTs) exhibit high mobilities (>10 cm2

In this chapter, the transport mechanism in ZTO TFTs is studied with 

temperature-dependent measurements, which demonstrates a hopping-to-band transition 

along with the presence of a distinct mobility edge. A time-resolved measurement 

/V·s) 

despite the amorphous nature of the active semiconductor layer. In oxide semiconductors, 

studies have shown that the bottom of the conduction band arises as a result of metal ns 

orbital overlap, which are relatively insensitive to the bond angle distortion occurring in 

the amorphous phase [18, 30]. As a result, the density of defect states close to the 

conduction band edge in AOS is lower than that in amorphous covalence-bonded 

semiconductors, such as amorphous silicon. Thus, a well-designed AOS-based TFTs can 

exhibit high effective mobilities. The low density of defect states suggests that band 

transport and a transition between hopping and band transport can be observed. However, 

there have been relatively few studies on charge transport in this class of semiconductors 

[50, 58, 59].  In particular, there have been no clear reports of band transport and 

documentation of mobility edge behavior in any solution-processed amorphous 

semiconductor.   
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technique is discussed which enables the study of charge transport during channel 

formation in TFTs. 

5.2 TEMPERATURE-DEPENDENT MEASUREMENT IN ZTO TFTS 

Temperature-dependent measurement is one of the most widely studied 

techniques to investigate the charge transport mechanism in FETs. Information of charge 

transport can be extracted by plotting the relationship between the effective mobility and 

temperature. In this section, we report on charge transport in ZTO TFTs by studying the 

temperature-dependent current-voltage characteristics.  

The device configuration for the temperature-dependent measurement is shown in 

the inset of Figure 5.1 (b). ZTO TFTs with non-patterned gate configuration are 

employed. The detailed fabrication process is discussed in section 3.3. The channel 

length and width of the TFTs are 50 µm and 1 mm, respectively. Figure 5.1 shows the 

output characteristics and transfer curve of the solution-processed ZTO TFTs. Both the 

dielectric and the active semiconductor layers were processed with spin coating. A 

mobility of 27.3 cm2/V·s, an on/off ratio >107, and a sub-threshold swing of 

122 mV/decade are extracted from the transfer curve. Contact resistance is negligible for 

this relatively large channel length. Hysteresis between forward and backward sweep is 

very little, which implies an electronically clean interface between ZrO2

 

 and ZTO. This 

dielectric/semiconductor system is responsible for the well- performing devices. 
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Figure 5.1:  Output characteristics and transfer curve of solution-processed ZTO TFTs. 
(a) Output characteristics (VDID plot). (b) Transfer curve (VGID plot). The 
inset shows the device structure (not to scale). The arrows indicate the 
direction of voltage sweep. Copyright 2010, American Institute of Physics. 

 

Measurement of temperature-dependent mobiliies was performed in the vacuum 

chamber of a cryogenic probe station (LakeShore Model CRX-4K). Figure 5.2 (a) shows 

the saturation mobility at different temperature as a function of VG−VON. VG is the 

applied gate voltage and VON
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accumulate in the channel and the drain current starts to increase. VON decreases with 

increasing temperature because more carriers can escape from the localized states. In 

order to ensure that the calculated mobility is in the saturation regime, VDS is kept at a 

higher value than the VGS-VON for all the transfer characteristic measurements. The sheet 

carrier concentration nS

 

 is defined as: 

( )1
S OX G ONn C V V

q
= −  (5. 1) 

where COX is the capacitance of the gate dielectric [9]. At lower VG – VON (dash line A), 

the effective mobility increases with raising temperature, which shows that the transport 

is thermally activated. In comparison, the decreasing effective mobility with increasing 

temperature at higher VG−VON (dash line C), together with the relatively high mobility 

value, it indicates band-like transport. The crossover is at around VG − VON = 7 V (dash 

line B).  Besides the temperature dependence, the high mobility values (> 20 cm2/V·s) are 

additional evidence that delocalized transport is present in this material system. The 

crossover from the thermally activated to band-like transport is only observed in the 

sample with µ(300K) > 20 cm2

Figure 5.2

/V·s and at high carrier concentrations. 

 (b) illustrates the transition from thermally activated to band transport. 

Due to the amorphous nature of the solution-processed ZTO active layer, band tail states 

behave like electron traps, especially at low temparatures. At low VG − VON, the Fermi 

energy is buried within the band tail and only a small portion of the carriers are 

transported in extended states through thermal activation with multiple trap and release 

events defining the measured mobility. As the gate voltage increases, localized states are 

filled with the gate-induced carriers and the Fermi energy moves toward the mobility 

edge. Thus, the effective activation energy reduces and a larger fraction of carriers move 

in extended states at any given time. Beyond a certain point, the gate-induced carriers fill 
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most of the localized states and the Fermi energy rises above the mobility edge. Carriers 

for the most part now move freely in the delocalized or extended states and band 

transport dominates.  

 

Figure 5.2:  Mobility at different temperature as a function of VG − VON. (a) The dash 
lines indicate transport in different regime (A: thermally-activated, B: 
crossover, C: band-like). (b) Illustration of the relative position of the Fermi 
energy in the conduction band edge at different VG−VON (not to scale). The 
dash lines correspond to line A, B, and C in Figure 5.2(a). Copyright 2010, 
American Institute of Physics. 
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The temperature and gate-voltage dependent mobility at low VG−VON can be 

explained by multiple trap and thermal release (MTR) model [60]. The effective mobility 

µeff is related to the mobility µ0

 

 in the transport band by an equation: 

0

aE
kT

eff eµ µ
− 

 
 =

 (5. 2) 

where Ea is the activation energy, k is the Boltzmann constant and T is the temperature. 

In other words, the effective mobility is thermally activated. By plotting ln(µeff) at 

different VG−VON

 

  as a function of 1000/T, activation energy can be calculated by an 

equation:  

( ) ( )ln
1000

1000
eff

aE k

T

µ∂
= −

 ∂  
   

(5. 3) 

Figure 5.3 shows the activation energy (Ea) as a function of sheet carrier 

concentration (ns) and the inset shows an example of the Arrhenius plot at VG−VON =  

3 V. Six temperatures, ranging from 77 K to 333 K, were employed to the linear fit. The 

error bar shows the standard error of the linear fit. The standard error of the slope 

calculation is less than 15 %, which indicates the experimental data fit very well to the 

MTR model. The activation energy decreases with increasing VG−VON until VG−VON = 

6.5 V. The decreasing trend of Ea indicates that as the gate voltage increases, the energy 

distance between the filled trap states and the transport states reduces, which is a 

consequence of shifting the Fermi level toward the mobility edge [61]. In this regime, 

transport is thermally activated. As the VG−VON > 6.5 V, the Fermi level is above the 

mobility edge and the charge is transporting in the delocalized states. In this regime, 

effective mobility decreases with increasing temperature due to phonon scattering, and 

band transport is the dominant transport mechanism.  
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Figure 5.3: Activation energy as a function of sheet carrier concentration. The red 
dash line is a visual guide for the transition from thermally activated to band transport. 
The inset is an example of the activation energy calculation at VG−VON = 3V. The black 
dots are the experimental data and the red line is the linear fit of the experimental data. 
Reprinted with permission from C. G. Lee, B. Cobb, and A. Dodabalapur, Appl. Phys. 
Lett., vol. 97, p. 203505, Nov 2010. Copyright 2010, American Institute of Physics. 
 

Figure 5.4 shows mobilities at different VG−VON as a function of 1000/T. 
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temperature. The MTR transport observed in this paper has been reported in other 

material systems such as organic semiconductor crystals [62].  MRT transport along with 

a mobility edge has also been postulated as the possible transport mechanism in 

polycrystalline organic and polymeric semiconductor thin-film transistors [63, 64].  In 
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this work, we document such transport in an amorphous solution-deposited 

semiconductor. 

 
Figure 5.4:  Mobilities at different VG−VON as a function of 1000/T. Mobilities at 
lower VG−VON show a positive dependence on temperature while mobilities at higher 
VG−VON show a negative dependence. Reprinted with permission from C. G. Lee, B. 
Cobb, and A. Dodabalapur, Appl. Phys. Lett., vol. 97, p. 203505, Nov 2010. Copyright 
2010, American Institute of Physics. 

  

Conductivity measurements show that the ZTO film is still in the insulator 

regime, in which the conductivity increases in the same direction as the temperature. The 

ZTO conductivity value measured at room temperature with a sheet carrier concentration 

of 1.5×1013 cm-2

 

 is 75 S/cm, which is close to the minimum metallic limit of about 100 

S/cm.  
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5.3 TRANSIENT MEASUREMENT 

FETs are very useful device structures that enable the study of charge transport 

mechanisms and phenomena [18, 65]. Many types of transistors have been studied 

utilizing organic/polymer [66-68], amorphous silicon [6, 69, 70], and thin-film inorganic 

[18, 71] active semiconductor layers. Most studies have been reported on transport 

involving steady-state or direct-current (DC) measurements of conductivity and mobility 

as a function of parameters such as temperature, electric field, carrier concentration and 

molecular orientation [65, 66, 71]. Time-domain measurements such as time-of-flight 

(TOF) and charge extraction in a linearly increasing voltage (CELIV) have also been 

used to evaluate the charge carrier mobility or average velocity to study transport [72, 

73]. 

None of the previous approaches have measured the entire velocity distribution of 

charge carriers.  This information is extremely important in understanding charge 

transport, especially in disordered and partially disordered material systems in which the 

charge carrier velocity is not single-valued and is expected to be a distribution that 

depends on temperature, electric field, and carrier density [57].  In this section we 

describe an approach that can be used to accurately measure such velocity distributions 

[74]. We show that evaluating such velocity distributions at different temperatures 

provides transport information that cannot be obtained in the methods used above.  This 

approach can be easily used to study transport in organic and polymer FETs, and other 

material systems. Previous work by our group have employed a step response 

measurement on organic FETs in order to explore the dynamic response of carriers 

moving through the channel [75]. These experiments have resulted in a direct 

measurement of carrier velocity in the channel [76].  However, these results only yielded 
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a single velocity for each experiment, corresponding to the fastest carriers and not the 

entire distribution. 

5.3.1 Device structure and test setup 

Figure 5.5 shows the device configuration of a solution-processed zinc-tin oxide 

(ZTO) thin-film transistor (Figure 5.5(a)) and the corresponding output characteristics 

(Figure 5.5(b)). A patterned gate device structure is employed. The details of device 

fabrication and characterization have been described in section 3.5.  The data in Figure 

5.5 is for a device with dimensions of W = 1 mm and L = 50 µm, exhibiting a linear 

mobility of 1.75 cm2 Figure 

5.5

/V·s. Also illustrated is the transient measurement setup (

(c)). A negative step voltage (-VS) is applied to the source, while the drain is 

connected through a small resistance (RD) to ground.  The gate is held at ground. 

Measuring the voltage across RD (VOUT) allows the observation of the current response at 

the drain.  As the source voltage (VS) rises, carriers are injected at the source and begin to 

form the channel.  IDRD is kept small compared to VS to keep VGS = VS ≈ VDS. To 

ensure that the transient response is not limited by the RC constant at the drain node, 

resistors with different RD Figure 5.5 values have been compared, as shown in (d). The 

resulting transient responses are normalized for comparison. When RD is kept at 1 kΩ or 

less, the transient response is not affected by varying the RD value, ensuring the response 

is not RC limited. 
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Figure 5.5:  (a) Cross section of the ZTO TFTs. (b) Output characteristics of the 
transistor. (c) Schematic of the transient-measurement setup. (d) Current 
response with different RD values. Copyright 2011, American Institute of 
Physics.  

5.3.2 Results and discussion 

Figure 5.6 (a) shows the normalized transient response of the current with a range 

of step voltages and a fixed RD
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 (1 kΩ).  The time between the application of the voltage 

step and the beginning of the current rise is called the “turn-on time” and represents the 

time it takes for the fastest carriers to transit from the source to the drain.  The rise of the 

drain current response after this time represents an increasing number of carriers being 

extracted from the drain electrode.   Eventually, the transient response flattens out, and 

the drain current reaches a quasi-static operating point. By differentiating the current 

response, we can obtain the incremental current as a function of time.  This can be 
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expressed as a function of velocity by dividing the channel length by the response time 

(velocity = channel length / time), as shown in Figure 5.6 (b). In this manner it is possible 

to measure the velocity distribution for carriers moving through the channel. As the step 

voltage (VS) increases, the corresponding velocity distribution shifts to higher velocities, 

which is as expected given the increase in both VDS and VGS.  Increased VDS increases 

the lateral electric field, while higher VGS

 

 results in a higher effective mobility, due to a 

known gate voltage dependence [34, 71].  Both of these two factors contribute to 

increasing carrier velocity. 

Figure 5.6:  Transient measurements with different input voltages. (a) Normalized 
transient response with different step voltages. (b) Normalized velocity 
distribution with different step voltages. Copyright 2011, American Institute 
of Physics.  

The transient analysis was performed at temperatures from 77 K to 300 K with a 

VS of 6 V and RD Figure 5.7 of 750 Ω, as shown in (a). At lower temperatures, the 
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temperatures. In addition, two distinct slopes can be seen, indicating that the velocity 

distribution is no longer centered on a single velocity value.  Velocity distributions for 

different temperatures are shown in Figure 5.7(b), compared to the position of the 

velocity values extracted from the DC measurements (νDC, as shown as red arrows). νDC 

is derived from multiplying the linear mobility by the lateral electric field (νDC = µlin × 

E). These νDC values represent average velocities in a quasi-steady state. In contrast, 

velocity distributions derived from the transient measurement represent the velocity 

distribution right after turning on the device, thus granting insight into channel formation, 

transport pathways, and the turn-on mechanism. 
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Figure 5.7:  Temperature-dependent transient measurements. (a) Normalized transient 
responses at different temperatures. (b) Velocity distributions at different 
temperatures. The red arrows indicate the relative position of the calculated 
DC velocity. (c) Arrhenius plot of different percentage of extracted charge 
compared to DC measurements. Copyright 2011, American Institute of 
Physics.  
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double peaks observed at low temperatures suggest the transport in the device is 

inhomogeneous and multiple transport pathways exist. That is, some part of the channel 

has higher conductivity than the others. In high mobility ZTO TFTs, extended state 

transport can be observed, as described in section 5.2 [5]. In the velocity distribution at 

77 K (Figure 5.7 (b)), the higher and slower peak is attributed to carriers moving through 

deeper states while the lower and faster peak is attributed to carriers moving within 

shallower states. Capture and release rates for these localized states have a strong thermal 

component, resulting in an Arrhenius form of the activation energy that represents the 

average depth of the localized states with respect to a mobile transport level.  Both peaks 

display markedly different temperature dependences; however, the slower peak exhibits a 

stronger dependence, representative of deeper states.  At higher temperatures, the single-

peak seen in the velocity distribution is attributed to the differences between the two 

transport pathways becoming less noticeable as the temperature increases.  

Figure 5.7(c) displays the temperature dependence of the carrier velocity 

exhibited by the transient current response at different percentages of the total extracted 

charge.  These velocities were obtained from the normalized responses seen in Figure 

5.7(a). The Arrhenius plot shows different temperature dependences between fast and 

slow carriers.  The 5% curve represents the fastest 5% of the total carriers that arrive at 

the drain before quasi-equilibrium is reached. The velocity of the fastest 5 % has a 

weaker temperature dependence compared to that of the slower carriers. The weaker 

temperature dependence indicates a lower activation energy compared to the rest of the 

carriers. In comparison, the slower carriers appear to share similar temperature 

dependence.  As previously remarked, this is suggestive of at least two separate transport 

pathways through the channel, possibly consisting of deep vs. shallow localized states. A 

similar plot obtained from steady-state (DC) measurements is shown in Figure 5.7(c) as 
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the solid dots.  This curve shows a remarkable similarity to the temperature dependence 

seen in the fastest 5% carriers measured by the transient response, despite the lower 

absolute value of the measured velocities more commensurate with the majority of the 

carriers, as seen previously in Figure 5.7(b).  Our previous work has shown that transport 

in ZTO can be band-like, thermally-activated or a mixed type of transport depending on 

the density of states and the relative position of the Fermi level [5]. Process conditions 

also influence mobility and therefore charge transport mechanisms. At steady state, a 

channel has formed and reached equilibrium, whereas in transient measurements, the 

channel region is initially devoid of charge.  This results in a significant difference 

between DC and dynamic measurements, and must be considered when interpreting such 

data.  

Figure 5.8 shows how this temperature-dependent transient response varies across 

samples with different device performances.  Measurements were performed on two 

additional samples with different mobility values, 1 cm2/V·s and 2.2 cm2 Figure 

5.8

/V·s.  

(b) (µ= 2.2 cm2 Figure 

5.7

/V·s) displays the same dual-slope transient response seen in 

(a) (µ= 1.75 cm2 Figure 5.8/V·s), while the lower mobility sample (  (a), µ= 1 cm2

Figure 5.8

/V·s) 

does not show this feature, which might suggest very few carriers are travelling through 

the faster transport pathway.  It is also observed that the transport time is longer, which 

indicates that the localized states are deeper. In comparison, the transient response of the 

highest mobility sample (  (b), µ= 2.2 cm2/V·s) shows a more distinct second 

slope at lower temperatures, which might suggest more carriers are travelling through the 

transport pathway with shallower states.  
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Figure 5.8:  Temperature-dependent measurements on samples with different mobilities. 
(a) Sample with relatively low mobility, µ= 1 cm2/V·s. (b) Sample with 
relatively high mobility, µ= 2.2 cm2/V·s. Copyright 2011, American 
Institute of Physics. 

5.4 CONCLUSION  

In this chapter, we show that charge transport in amorphous ZTO-based TFTs is  

a combination of thermally-activated and extended-state (band) transport.  A well defined 

mobility edge, in accordance with Mott’s model, is observed.   Extended state transport 

dominates at high carrier concentrations in high mobility samples.  The data fit well the 

key predictions of the multiple trap and release transport model. 

Velocity distributions at different temperatures have also been studied with a 

time-resolved technique. This provides a more detailed picture of charge transport in 

FETs. We are able to resolve different transport pathways at any given temperature, 

which is difficult to do with DC measurements. In ZTO-based TFTs, there are multiple 

distinct transport pathways with different activation energies. These measurement 

methods and the results obtained provide more insight into charge transport in amorphous 

semiconductors. 
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Chapter 6 Organic Materials 

6.1 INTRODUCTION 

Organic Field-Effect Transistors (OFETs) have been intensively investigated in 

the last two decades for low-cost, large-area, and flexible electronic applications.  

Organic semiconductors have several advantages over conventional materials used in 

thin-film transistors. Organic semiconductors can be processed with solution-based 

approaches such as spin coating, inkjet printing and self assembling [77], which have the 

potential for low-cost fabrication and high throughput. Low temperature processability of 

organic materials permits the use of flexible substrates, and makes them especially 

attractive for low-cost applications such as electronic paper and radio frequency 

identification (RFID) tags. 

The performance and stability of OFETs depends on the dielectric/organic and 

contact/organic interfaces. The dielectric/organic interface affects the growth of the 

active layer and determines channel resistance. Different approaches have been studied to 

modify the dielectric surface, such as forming a hydrophobic self-assembled monolayer 

(SAM) [78, 79] with hexamethyldisilazane (HMDS) or octadecyltrichlorosilane (OTS) 

[80-82], possibly through lowering the surface energy of the dielectric and removal of 

residual water and polar groups [83]. On the other hand, as the channel length decreases, 

contact resistance, which is related to the contact/organic interface, starts to dominate the 

total resistance and limit device performance [84, 85]. The quality of the contact/organic 

interface can be affected by the disorder of the organic semiconductor near the contact or 

by the presence of unfavorable interface dipole. Different methods have been studied to 

modify this contact/organic interface, such as assembling a monolayer of 4-
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nitrobenzenethiol (NBT) [78, 86] and coating a thin layer of PEDOT: PSS to the metal 

contact [87]. These organic thin layers can prevent metal electrodes from interacting with 

the active layer and also slightly dope the interface to decrease contact resistance. 

Furthermore, some studies show that the contact resistance can be reduced by tuning the 

molecular orientation of the semiconductor on top of the metal electrodes [88, 89].  

The morphology of the underlying surface can have significant impact on the 

growth of organic active layers. In a bottom contact structure, the patterned source (S) 

and drain (D) electrodes can change the morphology of the underlying surface by 

inducing surface relief and surface spike. The thickness of the metal deposited causes 

surface relief, while the photolithograph and liftoff process induces spikes around the 

edge of the electrodes. Morphological change of the underlying surface can seriously 

affect the growth of the organic active layer and change the device performance, such as 

mobility and stability [90]. This morphological change can be mitigated or prevented by 

introducing a recessed-electrode configuration (or embedded-electrode configuration 

[90]). Similar to the recessed-gate configuration discussed in section 3.4.1, the recessed 

S/D can facilitate the continuous growth of the organic thin films and improve the device 

performance and uniformity. We also note that the recessed-electrode configuration can 

be accomplished with hot pressing [91], making it potentially compatible with 

inexpensive fabrication.  

In this chapter, we discuss the effect of device configuration and surface 

modification techniques on the device performance of both solution-processed and 

vacuum-deposited organic TFTs with materials including pentacene and small-molecule 

derivatives. 
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6.2 VACUUM-DEPOSITED ORGANIC SEMICONDUCTORS 

Organic active materials are categorized into two main groups: small-molecules 

and polymers. Small molecules are often insoluble and typically deposited via vacuum 

deposition approaches. Examples of small molecules are pentacene and rubrene. Higher 

purity is easier to achieve for small molecules, which results in higher mobility values 

[92] , and therefore are especially of interest for organic thin-film transistors. 

6.2.1 Pentacene-based organic thin-film transistors 

In this study, pentacene-based TFTs were fabricated on a silicon substrate with 

thermally grown oxide on top. A bottom contact structure is usually employed for devices 

with small channel length, as shown in Figure 6.1. The source and drain regions were 

patterned with photolithography and metals for the S/D electrodes are subsequently 

deposited. After a liftoff process, pentacene was deposited on top at an elevated 

temperature with high-vacuum system such as thermal evaporator. The elevated 

deposition temperature facilitates the growth of an active layer with large grain size and 

helps achieving higher device performance. 

 

 

Figure 6.1: Device structure of pentace-based OTFTs. 

6.2.2 Effects of surface modification on Pentacene TFTs 

In this section, the effect of surface modification of the contact region on 

pentacene-based OTFTs is studied. Highly reduced graphene oxide (HRG) is employed 

Si (G)

SiO2

Pentacene
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to modify the Au S/D contacts. Two approaches were adopted to study the effect of HRG 

on device performance:  by using overlapped and stacked HRG sheets as the source/drain 

electrodes (HRG electrodes) and by coating the gold electrodes with HRG sheets (HRG-

coated gold electrodes). A bottom-contact device geometry [93] was employed in both 

approaches, as shown in Figure 6.2. The HRG layers were deposited by dipping a 

patterned sample into a HRG colloidal suspension. The solvent of this HRG suspension is 

a mixture of DMF (N, N dimethylformamide) and water in a volume ratio of 9:1 

(DMF:H2

 

O) [94]. In order to confine the HRG sheets in the source/drain regions, 

patterned samples possessing regions with a large surface energy difference were 

employed [95]. 

 

Figure 6.2: Structure of devices with (a) HRG electrodes (b) HRG-coated gold 
electrodes. Copyright 2009, American Institute of Physics. 

To fabricate a pattern containing regions with a large difference in surface energy, 

a heavily doped n-type silicon wafer with 160-nm thick thermally grown oxide was used 

as the substrate. A thin layer of CYTOP® (5-nm thick) was applied by spin-coating a 

diluted CYTOP® solution (CYTOP®

Si (G)

SiO2
S

Pentacene

D
CYTOP®

Si (G)

SiO2

Pentacene
CYTOP®

S D

(a) (b)

: solvent = 1: 7) on the substrate at a spin speed of 

6500 rpm for 50 seconds, followed by thermal annealing on a 180 °C hot plate for 20 
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minutes in air. CYTOP® is a fluoropolyer and the surface of a CYTOP®

Figure 6.2

 film is very 

hydrophobic. The source/drain regions were patterned with photolithography. For the 

sample with HRG electrodes [  (a)], the CYTOP®

Figure 6.2

 in the electrode region was 

removed by applying 50 W oxygen plasma for 20 seconds. For the sample that uses 

HRG-coated gold electrodes [  (b)], the undesirable CYTOP®

After dipping, the HRG suspension preferentially adhered to the hydrophilic 

regions. For the sample with HRG electrodes [

 was removed 

with oxygen plasma and a depth of 36 nm was etched with a reactive ion etcher for the 

recessed electrodes. A layer of titanium (2.5 nm) and gold (34 nm) was deposited with an 

e-beam evaporator to form the gold electrodes and followed by a liftoff process. Then, 

these samples were dipped into the HRG suspension for deposition of the HRG sheets. 

We note that the patterned hydrophobic regions can also be formed by procedures such as 

stamping and microcontact printing [96, 97]. 

Figure 6.2 (a)], the hydrophilic region is 

the patterned S/D electrode region (silicon dioxide surface) and the HRG electrodes were 

formed by repeated  dip coating and air drying for 20 times. For the sample with HRG-

coated gold electrodes [Figure 6.2(b)], the most hydrophilic region is the S/D electrode 

region (Au surface), and the HRG sheets were applied by dip coating and air drying for 

three times. For comparison, a sample with recessed gold electrodes was fabricated in a 

parallel process. There is no detectable HRG deposition in the channel region between 

source and drain. This is evident from the very low currents (pA level) between source 

and drain at zero gate bias. After annealing on a hot plate at 120 °C for 10 minutes in air, 

pentacene was deposited to a thickness of 25 nm at a deposition rate of 0.1 Å/s and a 

substrate temperature of 50 °C.  

Figure 6.3 shows the output characteristics of devices with different electrode 

configurations. The W/L is 200 μm/12 μm for all three device configurations. Figure 6.4 
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shows the saturation mobility versus gate voltage for these devices. Transistors with the 

HRG electrodes have similar performance (mobility of 0.03 cm2/V∙s) to those with 

recessed gold electrodes (mobility of 0.045 cm2/V∙s), even though the conductivity of the 

HRG electrodes is more than five orders of magnitude less than that of the gold 

electrodes. The highest mobility (mobility of 0.13 cm2/V∙s) is observed from devices with 

HRG-coated gold electrodes. This implies the carrier injection between HRG and 

pentacene is superior to that between gold and pentacene. The field–effect mobility of the 

device with the HRG-coated gold electrodes has increased by a factor of three compared 

to the device with gold electrodes (from 0.045 to 0.13 cm2

 

/V∙s).  

Figure 6.3:  Output characteristics of devices with (a) HRG electrodes, (b) gold 
electrodes, and (c) HRG-coated gold electrodes. Copyright 2011, American 
Institute of Physics. 

0 -5 -10 -15 -20 -25 -30
500.0n

0.0
-500.0n

-1.0µ
-1.5µ
-2.0µ
-2.5µ
-3.0µ
-3.5µ  VG=0V

 VG=-10V
 VG=-20V
 VG=-30V

I D(A
)

VDS(V)
0 -10 -20 -30 -40

2.0µ
0.0

-2.0µ
-4.0µ
-6.0µ
-8.0µ

-10.0µ
-12.0µ
-14.0µ
-16.0µ
-18.0µ  VG=0V

 VG=-20V
 VG=-40V

I D(A
)

VDS(V)
0 -10 -20 -30 -40

0.0

-1.0µ

-2.0µ

-3.0µ

-4.0µ  VG=0V
 VG=-20V
 VG=-40V

I D(A
)

VDS(V)

(a) (b) (c)



 79 

 

Figure 6.4:  Mobility vs. gate voltage of devices with (a) HRG electrodes, (b) gold 
electrodes, and (c) HRG-coated gold electrodes. Copyright 2011, American 
Institute of Physics. 

This result shows that using HRG as an interfacial layer help the charge injection 

from metal contacts to the active layer, and thus, improve the device performance. The 

improvement in mobility with HRG-coated S/D Au electrodes relative to plain Au or 

plain HRG has been reproduced for several times. We attribute this performance 

improvement to better organization of the pentacene molecules. Additionally, 

gold/pentacene interface exhibits a significant amount of interface dipole, which results 

in a large vacuum level shift and high carrier injection barrier [98]. In contrast, the 

amount of interface dipole in an organic/organic interface is small, leading to small 

carrier injection barrier. This lowered barrier caused by HRG/pentacene interface makes 

the carrier injection less contact-limited and leads to higher effective field-effect 

mobility. The same behavior has also been observed in gold electrodes coated with a thin 

layer of organic metal PEDOT: PSS, even though PEDOT: PSS has a lower work 

function than gold [99]. 

The atomic force micrograph (AFM) images of the pentacene grown on Au and 

on the CYTOP®-coated SiO2 Figure 

6.5

 do not show a significant difference in grain size [

(a)]. However, there is a clearly discernible interface between pentacene grown in 
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these two regions. This interface is much less marked for the pentacene grown on HRG-

coated gold and on CYTOP®-coated SiO2 Figure 6.5. This can be seen in (b). The work of 

Loo and coworkers [88] showed that pentacene growth on gold is such that the molecule 

lies flat along its long axis, whereas pentacene grown on SiO2 and hydrophobic surfaces 

is oriented with the main molecular axis almost perpendicular to the surface. The latter 

orientation is beneficial for charge transport. The orientation of pentacene molecules on 

HRG will be very similar to that on most organic hydrophobic surfaces. Thus, there is a 

change in orientation of the pentacene molecules for pentacene grown on Au versus 

pentacene grown on SiO2/CYTOP®

  

, resulting in enhanced contact resistance and 

therefore a lower measured mobility. In the case of HRG-coated Au electrodes, this 

difference in orientation is not expected to be present, resulting in better contacts and 

higher measured mobility. 

 

Figure 6.5:  The AFM images of a pentacene film deposited on the interface (a) between 
CYTOP®-coated SiO2 and Au, and (b) between CYTOP®-coated SiO2 and 
HRG-coated Au. Copyright 2011, American Institute of Physics. 

The improved electrical behavior of the HRG-coated Au contacts is evident in 

Figure 6.6, in which the output characteristics are shown in the linear region for these two 

cases. The increased slope for device with HRG-coated gold electrodes indicates lower 
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contact resistance. Thus, the morphological evidence of Figure 6.5 is in agreement with 

the electrical characteristics shown in Figure 6.4 and Figure 6.6. 

 

Figure 6.6:  Comparison of the linear mobility of devices with Au and HRG-coated Au 
electrodes. Copyright 2011, American Institute of Physics. 

In conclusion, the use of highly reduced graphene oxide (HRG) as an interfacial 

material between the gold source/drain electrodes and an exemplary p-channel FET 

forming material (pentacene) yields improved performance, and a higher effective 

mobility (by a factor of 3) is measured. We anticipate that the use of an HRG interface 

will also improve the long-term stability of organic electronic circuits.  Given the wide 

chemical tunability of graphene (in principle, because the chemistry of carbon is 

extremely broad), it is possible that other chemically modified graphenes that have good 

electrical conductivity, including pristine graphene, might perform even better than HRG. 
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6.3 SOLUTION-PROCESSED ORGANIC SEMICONDUCTORS 

Solution-processed organic semiconductors have attracted significant attention in 

the past two decades since solution-based processes have the advantages of low 

processing costs and compatibility with flexible substrates [100-102]. They are especially 

attractive for inexpensive and high volume applications such as RFID tags, chemical and 

biological sensors, and electronic paper devices [1, 103]. Examples of solution-based 

techniques include spin coating, drop casting and roll-to-roll printing. Polymers are 

usually soluble in organic solvent and are typically processed with solution-based 

approaches. Example of polymeric semiconductors is poly(3-hexylthiophene). However, 

high purity polymer is harder to achieve and the mobility of polymer-based TFTs is 

usually lower compared to small-molecule organic semiconductors. In contrast, some 

small molecules, such as pentacene and tetrabenzoporphyrin derivitive, can be processed 

with a precursor route by inducing some functional groups to increase the solubility 

[104]. This approach allows using low-cost deposition techniques while keeps desirable 

electrical characteristics after thermal conversion [105, 106]. Figure 6.7 shows an 

example of the solution-processed small molecule [107]. Upon thermal annealing, the 

precursor film can be converted into the fully conjugated form. In this section, we study 

the effect of device structure and surface modification on the device performance of 

solution-processed organic TFTs. 
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Figure 6.7:  Thermal conversion of a small molecule material, pentacene. 

 

6.3.1 Effects of recessed electrodes and surface modification on solution-processed 
TFTs 

In this study, the precursor of the organic active layer is a small molecule 

derivative. A bottom gate device configuration was employed. Three device 

configurations were compared: device with regular S/D electrodes [Figure 6.8 (a)], 

device with recessed S/D electrodes [Figure 6.8 (b)], and device with recessed and NBT-

treated S/D electrodes [Figure 6.8 (c)]. These three devices were fabricated in a parallel 

process.  
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Figure 6.8: Cross section of devices with different S/D configurations: (a) regular, (b) 
recessed (c) recessed and NBT-treated. 

A heavily doped n-type silicon wafer was used as both the substrate and the gate 

electrode, while a 160-nm SiO2

Figure 6.8

 was thermally grown as the gate insulator. All samples 

were cleaned with acetone, methanol and DI-water, dried with nitrogen gas, baked in a 

120ºC oven for 10 minutes, and exposed to 20W oxygen plasma for 5 seconds. The S/D 

region was patterned by photolithography. For the devices with recessed S/D electrodes, 

the S/D region was etched to a depth of 40 nm. Then, 2.5 nm Ti and 37.5 nm Au were 

deposited with e-beam evaporator, followed by a liftoff process. The samples were then 

dried with nitrogen gas and baked in a 120 ºC oven for 10 minutes. The channel width 

and length are 200 µm and 4 µm, respectively (W/L = 50). To study the effect of surface 

modification on device performance, a self-assembled monolayer (SAM) of 

nitrobenzenethiol (NBT) was applied to the Au electrodes, as shown in (c). The 

chemical structure of NBT is shown in Figure 6.9. NBT treatment was carried out in a 

nitrogen glove box. Device was immerged into a diluted NBT solution (0.1 mM in 

chloroform) for one hour at room temperature, rinsed with chloroform to remove NBT 

residual in the channel region, and  baked on a hot plate at 120°C for 10 minutes. 
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Figure 6.9: Chemical structure of a nitrobenzenethiol molecule. 

The deposition process of the solution-processed semiconductor layer was carried 

out in a nitrogen glove box. The small-molecule precursor was dissolved in chloroform 

and spin-coated onto the prepared substrates at 1000 rpm for 30 seconds, and 

immediately converted to the small-molecule form by annealing on a hot plate at 180 °C 

for 30 minutes. Figure 6.10 shows the output characteristics of the devices with different 

configurations of the S/D electrodes. The corresponding field-effect mobilities for 

devices with regular electrodes, recessed electrodes, and recessed and NBT-treated 

electrodes are 0.023 cm2/V·s, 0.16 cm2/V·s, and 0.65 cm2

 

/V·s, respectively. 

 

Figure 6.10:  Output characteristics of devices with different configurations of the S/D 
electrodes: (a) regular, (b) recessed, and (c) recessed and NBT-treated. 
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With a bottom-contact device configuration, the edge shape and the step height of the 

S/D electrodes can have significant impact on the device performance, especially for 

devices with solution-processed active layers on top. The morphological change of the 

underlying surface induced by the S/D electrodes affects the uniformity of the spin-

coated precursor film, and thus the performance of the OTFTs. Figure 6.11 shows the 

microscope images of the solution-processed OTFTs with different S/D configurations. A 

coffee-ring pattern was observed in devices with regular and non-recessed electrodes, 

while a uniform and continuous film was observed in devices with recessed electrodes. 

The growth of a continuous film is attributed to the improved device performance. 

 

 

Figure 6.11: Microscope images of the solution-processed OTFTs with (a) regular 
electrodes and (b) recessed electrodes. 

Figure 6.12 shows the atomic force microscope (AFM) images of the surface 

across the source (Au)/ channel (SiO2

Figure 6.12

)/ drain (Au) regions for devices with regular and 

recessed electrodes.  The edge spike exists in both cases and the height of the edge spike 

is usually less than 20 nm. The edge spike originates from the liftoff process and is hard 

to be totally eliminated in a bottom-contact device structure. However, the step height of 

the regular electrodes [40 nm as shown in (a)] is more problematic from the 
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aspect of surface uniformity. The AFM study shows that using the recessed-electrode 

configuration results in reduced surface relief.  

 

Figure 6.12:  AFM images of the surface across the electrode/channel/electrode regions 
for devices with (a) regular electrodes and (b) recessed electrodes 

The field-effect mobility increases from 0.16 cm2/V·s to 0.65 cm2

Figure 6.9

/V·s by 

applying a SAM of NBT on the S/D electrodes. As in the molecular structure of NBT 

shown in , the thiol-group of NBT molecule attached to the Au surface while 

the nitro-group induces higher carrier concentration near the interface. The NBT 

treatment on the Au surface reduced the contact resistance, improved the carrier 

injection/extraction between contacts and active layer, and resulted in a higher measured 

mobility [78]. The improvement of electrical behavior upon the usage of NBT surface 

(a) (b)
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treatment is evident in Figure 6.13, in which the output characteristics are shown in the 

linear region with a gate bias of -20 V. The increased slope in the linear region suggests 

reduced contact resistance, which is in agreement with what we anticipate of the effect of 

NBT surface treatment.  

 

 

Figure 6.13: Comparison of the output characteristics of devices with different S/D 
configurations. 

6.4 CONCLUSION 

Interfaces are critical in organic field-effect transistors. We have shown that the 

interface between the source/drain electrode and the organic active layer can be modified 

with highly reduced graphene oxide (HRG) or a self-assembled monolayer of 

nitrobenzenethiol (NBT). The modified interface can reduce the contact resistance by 
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the semiconductor/metal contact interface. With such techniques, we observed 

performance improvement on both solution-processed and vacuum-deposited OTFTs. 

Underlying surface morphology is critical for the growth of solution-processed 

organic films. We have demonstrated growing a more continuous organic film by 

employing a recessed-electrode configuration. Improvement on device performance and 

uniformity has been observed. 
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Chapter 7 Conclusion and future work 

7.1 CONCLUSION 

In this dissertation, we demonstrated low-voltage solution-processed ZTO TFTs 

and some of their circuit applications. Solution-processed ZTO is an n-channel 

amorphous oxide semiconductor. Combined with solution-processed high-k dielectric, 

ZrO2, ZTO-based TFTs exhibit a mobility higher than 25 cm2

Circuit applications including inverters, ring oscillators and amplifiers have been 

demonstrated with all n-channel, solution-processed ZTO TFTs. Circuit performance is 

closely related to the uniformity of TFT performance as well as the continuous growth of 

the ZTO active layer. An extended-gate configuration has been employed in circuit 

design and fabrication, and yields better circuit performance.  

/V·s. Processing conditions 

and device configuration can have a substantial effect on the device performance of ZTO-

based TFTs. 

A gate-bias dependent transport is observed in ZTO TFTs. Charge transport 

mechanism transits from thermally-activated to band-like with increasing gate bias, (i.e. 

carrier concentration), and a clear mobility edge is observed. In addition, by using a time-

resolved measuring approach, the velocity distribution of charge carriers during channel 

formation has been obtained. In ZTO TFTs, there are multiple distinct transport pathways 

with different activation energies. This time-resolved approach provides more insight into 

charge transport in amorphous semiconductors. 

P-channel, organic thin-film transistors (OTFTs) based on both vacuum and 

solution deposition approaches have also been studied. Performance of OTFTs can be 

improved by modifying the semiconductor/contact interface and/or by carefully 

designing the device configuration. Hybrid organic-inorganic complementary logic using 
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n-channel oxide semiconductors and p-channel organic semiconductors is a potentially 

useful technology. 

7.2 FUTURE WORK 

Circuit results in chapter 4 demonstrate that solution-processed ZTO TFTs have 

achieved sufficient performance uniformity by employing an extended-gate 

configuration. This is evident by observing the stable operation of a seven-stage 

oscillator, which is composed of 14 TFTs. With improved performance uniformity, it is 

possible to realize more complex circuit applications, such as operational amplifiers (op-

amps) and analog-to-digital converters. In this section, the design of an operational 

amplifier with performance similar to the classic 741 op-amp is discussed. Challenges 

encountered during fabricating and characterizing such circuits are discussed, as well as 

possible solutions. 

7.2.1 Design of operational amplifier 

This operational amplifier design is based on all n-channel solution-processed 

TFTs targeting the performance of the classic 741 op-amp. We began by exploring an 

NMOS-only analog of the BJT-based 741 opamp, described previously y Tsividis and 

Gray [108]. A three-stage amplifier architecture is employed: a differential voltage input 

is amplified and subsequently converted to a single-ended output; then, it is amplified by 

a cascode stage with a Miller-connected feedback capacitor; finally, a third current-

conveyor stage serves to perform further amplification and buffering. 

Figure 7.1 shows the first stage of the amplifier. Differential input signal is 

amplified in the input stage [Figure 7.1 (a)] and the differential output of the input stage 

(vD7 and vD10) is converted to a single-ended output, vD12 Figure 7.1 [  (b)]. 
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Figure 7.1: First stage: Differential input, single ended output amplifier (a) Differential 
input stage; (b) Differential-to-single-ended converter. 

The output of the first amplifier stage, vD12

Figure 7.2

 drives the second cascode stage 

[  (a)], which further amplifies the signal. A Miller capacitance, connected 

between the input and the output node of the cascode stage, is added to improve the 

frequency response of the opamp. The output of the second stage, vD21

Figure 7.2

, is fed into the 

output stage [  (b)], which is used for level shifting and as a buffer to prevent 

the input capacitance loading the amplifier circuit.  

 

Figure 7.2: (a) Second stage: Cascode stage and output stage driver. (b) Third stage: 
output stage. 
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The complete amplifier schematic is shown in Figure 7.3. In the complete circuit, 

the diode-connected transistors that do not function as current mirrors have been replaced 

by resistors. This design change enabled a significant improvement in the gain-bandwidth 

product of our amplifier and left room for adjusting the operation point. 

 

Figure 7.3: Complete amplifier schematic diagram 

7.2.2 Simulation results 

Designing with a Level-1 SPICE MOSFET model for our TFTs and assuming a 

mobility of 5 cm2 Table 7.1/V·s, we were able to meet the 741 specifications as shown in . 

The detailed parameters used in simulation and the simulation results are shown in Table 

7.2 and Figure 7.4. 
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Table 7.1:  Simulated performance of operational amplifier using all n-channel ZTO 
TFTs [modified level 1 SPICE model] compared with  the op-amp 741 
specifications. 

 

Table 7.2: Parameters used in simulation for operational amplifier circuit. 

741 µ = 5 cm2/Vs Target met?
Unity gain f 1.5 MHz 1.7 MHz yes
Low f gain 83 dB 83 dB yes
Slew rate 0.7 V/µs 0.12 V/µs yes

Supply current 2.8 mA 1.04 mA yes
Power supply ±22 V ±15 V yes
Input offset 1 mV 0.9 mV yes

CMRR 70 dB 103 dB yes

Transistor name Size (µm/µm)
M3 14/4
M4 8/33
M5 60/4
M7 1872/4
M8 14/4

M10 1872/4
M11 8/33
M12 60/4
M16 18/4
M17 18/4
M19 70/4
M20 70/4
M21 65/4
M22 80/4
M23 4/4
M24 120/4
M26 81/4
M27 101/4

Resistor Name Size (kilo-ohms)
R1 140
R2 14.5
R3 700
R4 1960
R5 1960
R6 900
R7 4000
R8 780
R9 5200

R10 243

Capacitor name Size (pF)
C1 15
C2 50
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Figure 7.4: Simulation results of ZTO-based operational amplifier: output phase 
response (voltage phase) and magnitude response (voltage magnitude).  

7.2.3 Mask layout 

Figure 7.5 shows the mask layout of the ZTO-based operational amplifier. The 

red, blue and grey patterns represent the mask patterns for the gate electrode, source/drain 

contacts, and via respectively. 

 

Figure 7.5: Mask layout of the ZTO-based operational amplifier. 

Stage I II III
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7.2.4 Challenges and solutions 

The design of the circuits and mask layout has to take the fabrication capability 

and other constraints into consideration. A well-designed circuit needs constant 

communication between the design end and the fabrication/characterization end. For 

instance, during our characterization of the operational amplifier, we observed that some 

of the Al metal lines had burnt out after operating the circuit for a couple of minutes, 

especially in the area where the Al lines crossed over the underlying AuPd gate lines. 

This occurred as a result of keeping the overlap area of the crossing lines as small as 

possible to lower the parasitic capacitance, and thus, a narrower metal line (5 µm) was 

used in this crossover area. The resulted high current density flowing through the small 

area burnt out the narrow metal line. This issue can be solved by depositing a thicker 

layer of Al or increasing the width of the crossover lines. Up till now, a well-behaved 

buffer/output stage with ability to shift the output level and a gain around 3 has been 

achieved, while the differential and cascode stages are still under investigation.  
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