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摘要 

有機薄膜電晶體近年來被廣泛地開發，由於它相當具有潛力應用在低端電子產品，

像是可撓式顯示器驅動、互補式電路和射頻辨識。在本研究中，將聚乙烯酚(PVP)和乙

烯酚及聚乙烯酚共聚甲基丙烯酸(PVP-PMMA)做為閘極介電層的五苯環素有機薄膜電

晶體做研究。PVP 是一種常見的介電層由於它的低漏電和高載子移動率，然而 PVP 元

件卻由於顯著的偏壓壓力效應及磁滯效應而引起可靠度問題，和 PVP 元件相較之下，

PVP-PMMA 元件卻具有輕微偏壓壓力效應及無磁滯現象，兩元件的差異性可能受到外

界環境影響程度的不同。接下來實驗，元件在無水環境中被封裝，和 PVP-PMMA 元件

比起來，PVP 元件的載子移動率劇烈地下降，然而兩元件的閘極偏壓效應和遲滯都有效

地被抑制，甚至對 PVP-PMMA 元件對閘極施加負 30 伏特偏壓一萬秒仍具有初始電性。 

基於以上的結論，PVP 介電層中的氫氧基對水氣的吸收主導了磁滯效應和電子缺陷

的形成。然而 PVP-PMMA 介電層中的甲基團阻擋了水氣的穿透而避免元件劣化。為了

更進一步瞭解水氣的影響，我們製作了多孔結構使得水氣能加速進出 PVP 表面的速度。

當多孔元件在一般環境中量測時，具有高載子移動率及大電流，在氮氣環境下其載子移
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動率和電流都變得相當的低，這說明了介電層中氫氧基的極化比例大幅影響了通道載子

濃度。 

新穎的氨氣感測器便基於以上機制而開發，感測器在氮氣環境中操作使得 PVP 的氫

氧基保持電性中和，隨著氨氣氣體的進入時，氫氧基便從氨氣獲得電子進而帶負電感應

出額外的電洞載子。該元件能隨著不同氨氣濃度，而快速地反應電流變化，並在移除氨

氣後能在短時間內回復到初始值。新穎的多孔有機薄膜電晶體具有相當的潛力應用在非

侵入性、低成本的生物感測上，且感測極限能達到 0.5ppm 的氨氣濃度。 
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Abstract 

    Organic thin-film transistors (OTFTs) have been extensively explored due to their 

potentials for low-end electronic applications: drivers for flexible displays, complementary 

circuits, and radio-frequency identificationtags(RFID).  

In this study, the electrical characteristics of pentacene-based thin film transistors with 

PVP or PVP-PMMA as gate dielectric were discussed. PVP is usually used as gate dielectric 

due to its low leakage current and high mobility. However, device with PVP gate dielectric 

exhibits obvious the bias stress effect and hysteresis to cause reliability issues. Compared with 

PVP device, there are slight bias stress effect and non hysteresis observed in the PVP-PMMA 

device. This difference between both devices may be influenced by the ambient environment. 

In the further experiment, devices were encapsulated in the dry environment. Compared with 

PVP-PMMA device, severe lower in the field-effect mobility of PVP device was observed. 

However, the bias stress effect and hysteresis are effective suppressed in both devices even 

for PVP-PMMA device after applying a 10000-sec bias and voltage is -30 V to the gate 

electrode.  
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Based on the above results, the moisture absorption of OH groups in PVP dominates the 

hysteresis and the electron carrier capture. However, the hydrophobic of CH3 groups in 

PVP-PMMA block the moisture penetration to avoid the device degradation. In order to 

further study the moisture effect, the novel structure of PVP device was fabricated to 

accelerate the moisture penetration rate. When measurement was performed in the ambient air, 

high mobility and large drain current of the novel device were obtained. When measuring the 

device in N2 environment, mobility and drain current of the device become small. It is 

demonstrated that the polarized ratio of OH groups in the gate dielectric influences the carrier 

concentration in the channel.  

Based on this mechanism, the novel NH3 sensor is developed. This sensor was operated 

in the N2 environment while OH groups in PVP kept neutral. Following the entrance of NH3 

gas, OH groups react with NH3 molecule to obtain electrons and these additional electrons 

induced extra hole carrier. The device drain current variation depends on different NH3 

concentration and the response of current variation is fast. When removing NH3 gas, the drain 

current can quickly return to the original current. The novel porous OTFTs can be used as 

low-cost, non-invasive bio-sensing and its sensitivity can achieve 0.5-ppm ammonia. 
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Chapter 1 Introduction 

1-1 An Overview of Pentacene-based Thin Film Transistors 

Recently, organic thin-film transistors (OTFTs) have received great attention due 

to their low-cost and large-area array application. In numerous organic materials, 

pentacene is promising candidate due to its high hole mobility. Pentacene is made up of 

five benzene rings as shown in Fig. 1-1. 

In previous studies, there are many superior groups to promote the electrical 

characteristic of pentacene-based thin-film transistors such as field-effect mobility, 

subthreshold slope, Ion/Ioff , and low operation voltage.   

OTFT arrays to drive liquid crystal (LC) [1] [2] or organic light emitting diode 

(OLED) [3] which showed full-color moving pictures had been demonstrated. These 

fabrication processes and the handlings of the backplanes should be carried out in 

ambient air to enable simple inexpensive production. In these reports, OTFTs were 

encapsulated by passivation layer to avoid exposing to oxygen or moisture in air, and to 

avoid damage from the subsequent LC or OLED process. However, even when devices 

are encapsulated or operated in an inert environment, OTFTs are known to suffer from 

bias stress effect (BSE) that causes significant threshold voltage shift.  

1-2 Operation of OTFTs     

A thin film transistor is composed of three basic elements: (i) a thin semiconductor 

film; (ii) an insulating layer; and (iii) three electrodes (source, drain and gate). Fig. 1-2 

show two kinds of standard OTFT device structure. Fig. 1-2 (a) is the top-contact 

device and Fig. 1-2 (b) is the bottom-contact device, respectively. The general 

operation concepts are originated from MOSFET theory. But there is a slight difference, 
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traditional MOSFET are usually operated in inversion mode while the OTFTs are 

generally operating in accumulation mode.  

Since the pentacene is a p-type semiconductor, negative bias is applied on the gate 

to turn on our OTFTs. The voltage-drop across dielectric causes the energy band 

bending in the organic semiconductor and additional positive charge carriers will 

accumulate at the interfaces. The dielectric serves as a capacitance and can store 

charges. Then we apply a drain bias to drive the accumulated charges from source to 

drain and from the drain current. The conduction is determined by the field effect 

mobility (μFE) which represents charges’ driving ability by the electrical field.   

In general, we can divide the operation of OTFTs into two regions: linear region 

and saturation region. If we add gate bias at turn on state, beginning with small drain 

voltage, OTFTs are operated in linear region, as given drain become larger the drain 

current will gradually saturate and into saturation region. 

Understand how OTFTs normally operate, parameters such as the threshold 

voltage, field effect mobility can be extracted according to the measured electric 

characteristic. In addition, how environment effect devices can also be told by 

analyzing abnormal changing of these parameters. 

 

1-3 Instability of OTFTs Operation 

The bias-stress effect in OTFTs had been studied by using different organic active 

materials or different gate insulators on different device structures [4]. It was found that, 

for p-type OTFTs under DC stress, positive gate bias stress caused a positively-shifted 

VT and negative gate bias stress caused a negatively-shifted VT. The BSE was 

reversible by removing gate bias or by applying opposite polarity gate bias. Light 

irradiation also enhanced the reversal process. 
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Charge trapping, ion migration, charged-state creation and the formation of bound 

hole pairs (bipolaron) are several proposed mechanisms to explain the BSE [5]. Charge 

trapping and ion migration were found to be dominant mechanisms in OTFTs with an 

organic dielectric [6]. When using thermally-grown SiO2 as the gate dielectric to study 

OTFTs reliability, charged-state creation is usually believed to be responsible for ΔVT. 

John E. Northrup and Michael L. Chabinyc used density functional calculation to 

simulate defect states generation in pentacene film and found that it was due to the 

formation of oxygen- and hydrogen-related defects such as C-H2, OH, and C-HOH in 

organic semiconductors [7]. Gu et al. also studied the response time of the defect states 

in pentacene. Long-lifetime deep electron traps were proposed to explain the hysteresis 

effect in pentacene-based OTFTs [8].  

1-4 Defect Generation Mechanism  

Until now, device reliability issue has been a greatest barrier to realize the organic 

electronic application. Even when devices are encapsulated, the threshold voltage (VT) 

tends to shift under continuous bias and the field-effect mobility degrades after 

prolonged storage in normal environment [6]. The device threshold voltage shift (ΔVT) 

is generally attributed to hole/electron trapping in the interface between pentacene and 

dielectric. Although the field-effect mobility degradation mechanism is not clearly 

understood, the permeation of H2O and O2 in pentacene film is the usually proposed 

mechanism. These two phenomena seriously strict the organic TFTs application ranges.  

1-5 Threshold Voltage Shift Mechanism 

The ΔVT of OTFTs is believed due to the carrier trapping by the defect states. 

However, there are only a few explanations on the micro process of the defect creation, 

which can be observed in bias stress experiment. Bias tress experiment can be divided 
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into two kinds: negative bias stress and positive bias stress. 

First, micro process of defect creation under negative bias stress is introduced. The 

formation of bipolaron proposed by R. A. Street et al. (Phys. Rev. B, vol.68, 085316, 

2003) is one of the plausible mechanisms. The deep states slowly trap holes to form 

bipolarons. The formation of bipolarons would cause the ΔVth due to the reduction of 

mobile holes. The reaction can be expressed as: 

BPh h ( hh )+ →  

The other possible mechanism was proposed by John John E. Northrup et al. (Phy. Rev. 

B, vol.68, 041202, 2003) They studied the formation of hydrogen- and oxygen-related 

defects (C-H2, OH, and C-HOH) in pentacene film based on the density functional 

calculation. The defect creation reactions were given as follows: 

 

and  

22 16 22 14 22 15 22 152 ( ) ( )h C H O C H C H O C H+ + ++ + → +  

When the pentacene film is in a hole-rich environment, both these two reactions tend 

react to the right-hand side and produce positive-charged states that cause the ΔVTH. 

Either bipolaron formation or hydrogen-, oxygen-related defect creation, these studies 

need more experimental results to support their theories. Both mechanisms assume that 

the reaction rate is proportional to the carrier concentration.  

However, compare with negative bias stress effect, there are fewer studies focused 

on positive bias stress effect. Applying a prolonged positive bias to the device usually 

causes electrons trapping in the channel and a threshold voltage shift forward positive 

bias. After removing the positive bias, the recovery of trapped electrons can be 

observed and the device threshold voltage comes back to the original value. Until now, 

the micro process of electron trap generation under the positive bias stress is not 

++ →++ )(22 152214221622 HCHCHCh
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discussed in detail. 

 

1-6 Hysteresis Mechanism 

The hysteresis effect is often found in OTFTs, such as polymer gate dielectrics 

with hydrophilic and polar groups. The large hysteresis prohibits the OTFTs from 

applying to a circuit and a switch device for active matrix displays. The threshold 

voltage in the semiconductor accumulation mode is given as [9]: 

V୲୦ ൌ േ
qn଴d

C୧
൅ Vϐୠ 

, by this equation we could get a change in VT between forward and backward scan then 

cause hysteresis effect we observe, there are three factor could affect the VT change,  

1. no changes (due to charge trapping). 

2. Ci changes (charge injection form gate into dielectric or slow polarization). 

3. Vfb (structural changes in the semiconductor). 

Except the reason about above mathematical equations, the hysteresis effect formation 

can be classified to three general mechanisms [10]: 

1. Channel/dielectric interface induced effect  

2. Residual dipole-induced effect caused by slow polarization in the bulk organic 

dielectric  

3. The effects of charges injected from gate electrode. 

The OTFTs with polymer gate dielectrics might have anyone mechanisms to affect 

operation stability. Until now, it’s not clearly for saying hysteresis phenomenon for 

polymer dielectrics how to form and how to influence the device operation such as 

memory effect and bias stress effect. 
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1-7 Polymer Gate Dielectrics 

    Polymer gate dielectrics can offer application such as large area, simple process, 

and flexible displays. The interface between organic semiconductor and insulator has 

strongly relation to electric properties like carrier mobility, threshold voltage, and 

charge trapping. 

PVP (Poly (4-vinyl phenol)) has been reported to be the best polymer gate 

dielectric. Because it offers high mobility, low leakage, cross-link ability [11], and 

show the potential for photo-pattern possibility [12]. But its stability such as hysteresis 

and bias stress effect are need to overcome for application of display circuit. The 

hysteresis is associated with dipole polarization in the dielectric bulk related to gate 

voltage, charge trapping in the dielectric due to gate inject charge [13]. Recently, 

several groups investigated hysteresis and bias stress effect problem of 

pentacene-based TFTs with bilayer gate dielectrics like PVP and SiO2 [13-16]. The 

thickness of PVP represents the amount of residual OH group could cause slow 

polarization induced hysteresis [13]. There have been many attempts to reduce the 

concentration of hydroxyl groups in the polymer gate dielectrics by cross-linking them 

with curing agents, both thermally and photochemically [13-17]. The cross-linking 

agent ration to PVP is also discussed, increase PMF amount would decrease hole 

mobility and reduce hysteresis effect [17]. By deep curing PVP or in a vacuum chamber 

could found polarization effect decrease. 

PVP-co-PMMA (poly(4-vinyl phenol)-co-(methyl methacrylate)) has been 

reported to fabricate hysteresis-free pentacene TFT [19]. The polymer dielectric looks 

like better than PVP, due to its low leakage current, hysteresis-free, high on/off ration, 

and photo-crosslink ability. But its bias stress effect is not discussed and hydroxyl 

groups in the polymer how to influence less to the OTFTs. 
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1-8 OTFTs for Gas-sensing 

    For the next generation of sensor applications of medical diagnostics, food 

monitoring, and chemical or biological warfare are desirable. Portable, low cost, and 

low power-consumption will be newly demands. The OTFTs should be an adequate 

candidate due to its solubility and simple fabrication process. In recent, OTFTs are 

proposed to do as gas sensors. When OTFTs exposed to gaseous species, five 

parameters: turn on current (Ion), turn off current (Ioff), threshold voltage (VT), 

field-effect mobility (μFE) and the subthreshold-swing (S.S), are used to estimate the 

gas interaction with OTFTs [20].  

Analyzing the chemical composition of human breath helps people to examine 

their health conditions. A breath-testing for alcohol has been used to detect ethanol 

concentrations in the ppm range since 1960s and it has been applied extensively in 

alcohol test of car drivers. Except the main components such as nitrogen, oxygen, water 

vapor and carbon dioxide, more than 200 gaseous molecules (organic or inorganic) 

(Conkle, J. P. et al, 1975) exist in human breath. These gaseous species produced in 

human body reflect normal physiological biochemical processes or pathological 

conditions such as gastric ulcer, liver disease, cancer, or renal failure. Increased 

concentrations of some species (target analytes) have been found to correlate with 

certain diseases as listed in Table 1(a). Sensing the unusual concentration of these target 

analytes in human breath can be a helpful reference to detect human body conditions. In 

other words, if sensors can be developed to detect and trace these target analytes in 

patients’ breath, non-invasive diagnostic of above diseases can be realized.  
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1-9 Gas Sensing Mechanisms for OTFTs 

    Morphology effect is a critical sensing mechanism, it could decide gaseous diffuse 

into channel quickly or slowly. Grain boundaries play an important role in OTFT 

sensing. The grain size was varied by changing the substrate temperature during 

deposition, deposition rate surface roughness, and surface energy of dielectrics. 

    In the organic semiconductor, both grains and grain boundaries could be affected 

by the analyte. Due to their dipole, the analyte molecules bound on grain boundaries 

will trap the mobile charge carriers from channels.[21-22] Meanwhile the analyte 

interacting with the semiconductor grains will result in excess holes through chemical 

processes that are not completely understood. 

 

1-10 OTFTs for Ammonia Gas Sensing 

According to medical reports (C. Shimamoto et al, 2000), breath ammonia levels 

are significantly higher in cirrhotic patients (0.745 ppm) than in controls (0.278 ppm). 

Ammonia is an important index for uremia and chronic liver disease as listed in Table 

1(b).Patients who have renal failure even exhale 4.8 ppm ammonia in their breath. 

Current ammonia sensors such as polyaniline sensors, metal oxide sensors, catalytic 

sensors, and optical analyzers have disadvantages such as high operation temperature, 

low sensitivity or high cost (G.K. Prasad et al., 2005; Björn Timmer et al., 2005). OTFT 

is promising to be a non-invasive, inexpensive, portable and disposable diagnostic 

device because of its low cost fabrication process and high sensitivity to gas molecules. 
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1-11 Motivation 

Organic thin-film transistors (OTFTs) have been extensively explored due to 

their potentials for low-end electronic applications: drivers for flexible displays, 

complementary circuits, and radio-frequency identificationtags (RFID). PVP is a 

well-known polymer gate dielectric due to low leakage and high carrier mobility, but 

owing to hydroxyl group results in worse bias stress effect and hysteresis show. Make 

it’s hard to apply for flexible display driving, etc. On the contrary, there is less gate 

bias stress effect and hysteresis-free for OTFT with PVP-PMMA dielectric which also 

has hydroxyl group. In previous work, the cross-linking agent ration to PVP is also 

discussed, increase PMF amount would decrease hole mobility and reduce hysteresis 

effect [17]. There is high hole mobility for OTFTs with PVP dielectric might due to 

hydroxyl group dominating. But hydroxyl groups influence on PVP and PVP-PMMA 

devices differently in ambient air. Above all, it’s necessary to realize polymer 

dielectrics with hydroxyl groups how to influence OTFTs operation in ambient air. 

In this thesis, we infer hydroxyl groups of PVP dielectric absorb much water 

vapor, and enhance extra holes in channel due to electron traps formation with 

dielectric surface and water vapor. Further, in order to make sure moisture could 

significantly affect OTFTs operation due to hydroxyl group charging. We fabricate a 

novel porous OTFT for water vapor could rapidly pass in and out PVP surface.  

    It is reported that breath NH3 concentration is higher in cirrhotic patients (0.745 

ppm) than that in normal person (0.278ppm). OTFTs as NH3 gas sensors were reported 

to have sensitivity in the low-ppm levels. In this thesis, electron interactions rapidly 

with ammonia gas molecules and dielectric surface induce extra carrier in the channel 

by the porous structure. A novel ammonia gas sensor is demonstrated to realize a 

real-time sensitive. 
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Chapter 2 Experimental Setup 

2-1 Introduction 

The structures are made the Metal-Insulator-Metal (MIM), top-contact 

bottom-gate Thin Film Transistors (TFTs), and a novel porous structure of 

pentacene-based TFT. We will introduce our devices how to fabricate, and the pattern 

of devices is shown in the Fig. 2-1 we use in this thesis. And the parameter of device 

extracting method and material analysis we use. 

 

2-2 Cleaning the Glass Substrate 

There are two steps to clean and remove particle and organic pollution on Glass 

substrate (CORNING EAGLE 2000). The roughness of glass substrate is important for 

metal deposition and metal adhesion, or could cause point defect to influence the 

interface between organic layer and metal. 

    The glass cleaning steps are as follow: 

    Steps:  

(1) Glass substrates are place of the DI water current flow for 5 minutes in order to 

remove the particles. 

(2) Put the glass substrates in the acetone with ultrasonic resonance for 5minutes 

to remove the organic pollution 

(3) Put the glass substrates under the DI water current flow for 5 minutes to 

remove the solvent. 

(4) Put the glass substrates in the KG detergent with ultrasonic resonance for 1 

minute in order to remove the particles, fingerprint and some metal ionic. 
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(5) Put the glass substrates under the DI water with ultrasonic resonance for 1 

minute twice to remove the residual solvent. 

(6) Dry the glass substrates with N2 flow to blow off the water drop on the 

substrates 

(7) Put the glass substrates on the hot plate at 120℃ for 3 minutes to remove the 

moisture. 

(8) Naturally cool down to the room temperature. 

 

2-3 Metal-Insulator-Metal Fabrication 

2-3.1 Bottom Metal Deposition 

   Before metal deposition, the glass substrates should be cleaned. The 50 nm 

Aluminum (99.999%) was deposited by thermal evaporator around 5x10-6torr. The 

deposition rate was controlled at 2Å/sec and substrate heater was hold at 60℃, the 

adequate deposition rate and temperature were benefited to help metal film have good 

adhesion to glass substrate. The metal pattern was defined by shadow mask. 

2-3.2 Dielectric Fabrication 

    In this section, introduce each of the dielectric layer deposition respectively: 

1. Poly (4-vinyl phenol) (PVP): 

PVP was obtained from Aldrich with molecular weight about 20000. PVP have  

OH function groups on its molecule structure, poly(melamine-co-formaldehyde) (PMF) 

was used to be cross-linking agent for PVP, and propylene glycol monomethyl ether 

acetate (PGMEA) as the solvent. Their chemical structures of PVP and PMF are 

schematically shown in Fig. 2-2. First, we dissolved PVP and PMF in the PGMEA 

solvent with a magnetic stirrer for overnight. PVP was 8wt% in the solution, and fixed 
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PVP and PMF weight ratio was 11:4. We then filtered mixed solution through a syringe 

filter with 0.2μm PTFE membrane and spin coating on the substrate at 1200 rpm for 

1min. To avoid metal pad or bonding result in unnecessary leakage current through the 

insulator, we removed additional solution on the substrate by the cotton swabs with 

PGMEA. Put the substrates on the hot plate and cured at 200℃ for 1 hour in the 

ambient air. The cross-link reaction was more completed at high temperature and for a 

long time, let OH functional groups on the PVP can be cross-linked by PMF as more as 

possible.  

2. Poly(4-vinyl phenol-co-methyl methacrylate) (PVP-PMMA): 

PVP-PMMA was obtained from Aldrich, PVP-PMMA copolymer both have 

phenol and methyl methacryl functional group chain. The chemical structure of 

PVP-PMMA is schematically shown in Fig. 2-2. We dissolved 15wt% PVP-PMMA in 

the N, N-dimethyl formamide (DMF) and put the solution on the hot plate at 70℃ until 

spin-casting the solution on the substrate. After spin coating of the polymer solution, to 

avoid metal pad or bonding result in unnecessary leakage current through the insulator, 

we removed additional solution on the substrate by the cotton swabs with DMF. The 

polymer film was baked on the hot plate at 150℃ for 1 hour. Because PVP-PMMA 

solution didn’t mix cross-linking agent, the film could be removed easily by acetone, 

ethanol, etc.  

2-3.3 Top Metal Deposition 

    We deposited Gold (99.999%) as the top metal on the film. The deposition was 

started at 5×10-6torr and rate was controlled at 1Å/s. Au electrodes are defined through 

shadow mask and orthogonal to bottom metal. The destination of gold evaporation was 

used to simulate the actual structure for source/drain & gate metals of pentacene TFT.  
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2-4 Pentacene-based Thin Film Transistors Fabrication 

2-4.1 Bottom Gate Metal Deposition 

   Before gate metal deposition, the glass substrate should be cleaned. The 50-nm 

Aluminum (99.999%) was deposited by thermal evaporator around 5x10-6torr. The 

deposition rate was controlled at 2Å/sec at 60℃.The gate metal pattern and metal pad 

were defined by shadow mask. The width of gate metal pattern was set up to be 1.5mm. 

The device has large contact resistance if the width of gate metal is less than channel 

length.   

 

2-4.2 Dielectric Film Formation 

    After gate metals defined, we purged the N2 flow to keep the substrates clean. The 

solutions of PVP and PVP-PMMA were spin coating on the different substrates. 

Similarly, we removed additional solution by the cotton swabs with PGMEA and DMF. 

And put each other on the hot plates in the ambient air. (PVP at 200°C and PVP-PMMA 

at 150°C for 1 hour).  

 

2-4.3 Pentacene Thin Film Growth 

     The pentacene material obtained from Aldrich without any purification. Put the 

substrates with PVP and PVP-PMMA dielectric into the thermal evaporator until high 

vacuum pressure (3x10-6torr), we evaporate 50-nm-thick pentacene film. The 

deposition rate of pentacene was controlled at 0.4~0.5Å/sec at room temperature and 

active layer was defined by shadow mask.  
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2-4.4 Source and Drain Electrodes Deposition  

     We deposited 70-nm-Au (99.999%) through shadow mask as source and drain 

electrodes of pentacene-based TFTs. The deposition was started at 5×10-6torr and rate 

was controlled at 1Å/s. The device channel width and length was 1000μm and 200μm. 

We can get conventional top contact and bottom gate TFT schematic as Fig. 2-1 (b) 

 

2-5 Encapsulation of Pentacene-based TFT in Anhydrous 

Oxygen Environment  

When the devices have been fabricated, the devices are got from the vacuum 

chamber to the ambient air. We first investigate their characteristic under the ambient 

environment and the relative humidity is about 65%. Then we do encapsulation for the 

devices, action in the glove box which environment is filled with nitrogen and ultra low 

water vapor and oxygen (H2O<0.1ppm, O2<0.1ppm). Put the samples into glove box 

and send to vacuum chamber linked to glove box. By the turbo pump, the device is 

under 1×10-6torr (ultra high vacuum) to make sure the water vapor absorption have 

been excluded. Then take it out in the glove box and use UV binder to joint substrates 

and package glass under UV light exposure in one minute. As a result, the OTFTs are 

situated in anhydrous oxygen environment with encapsulation can be measured by wire 

bonding and metal pad, even though the devices are encapsulated with package glass 

isolation.  

2-6 A Novel Porous Structure of Pentacene-based TFT 

As before sections, we also fabricate the OTFT on the glass substrates for the 

season is much cheaper than Si-based OTFT. First, we clean the glass substrates then 
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under high vacuum (5x10-6torr) deposit 50-nm-Al (99.999%) film as the bottom gate 

metals and defined by shadow mask. We mixed the polymer dielectric solution as of 

8%PVP (PVP: PMF =11:4) with PGMEA. The dielectric layer of OTFT devices is 

spinning on the gate metal and bake at 200℃ 1 hour under ambient air. The thickness is 

measured to be 420nm by Alpha-step. After cross-link reaction is completed. We put 

the glass substrates exposed to UV/Ozone in 5 seconds to increase PVP surface polarity 

for enhancing sensitivity for NH3. 

The next step is to fabricate nano-scale meshed pentacene structure. We use high 

density polystyrene spheres as shadow mask. Positively charged polystyrene particles 

(200 nm, tetra-methylammonium latex) were adsorbed onto the substrates from 

dispersion by electrostatic interactions. Particles concentration was diluted with ethanol 

to 0.8 wt%. Immersion time was 3 minutes to allow the adsorption to reach saturation. 

Excess particles were rinsed off in a beaker with ethanol and then transferred to a 

beaker with boiling isopropanol(IPA) solution for ten seconds. The key procedure in 

this fabrication is that the substrate is then transferred to a beaker with boiling 

isopropanol solution for ten seconds. The substrate is finally blown dry immediately in 

a unidirectional nitrogen flow. The benefit of this method is the possibility to process 

large areas in a short processing time without photolithography.  

Then under high vacuum (3×10-6torr) deposit 50-nm-pentacene thin film as active 

layer and defined by shadow mask. We deposited 100-nm-Au (99.999%) through 

shadow mask as source and drain electrodes of pentacene TFT. The deposition was 

started at 5×10-6torr and rate was controlled at 1Å/s. The device channel width and 

length was 1000μm and 200μm. The process flow of the porous pentacene-based 

OTFT and schematic diagram are shown in Fig. 2-1 (c). 
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2-7 Micro-Fluid Gas Sensing System 

As shown in Fig. 5, various NH3 concentration is obtained by uniformly mixing 

various amount of NH3 (from a cylinder contains 100 ppm NH3) with high purity 

nitrogen (N2) into a 20-cm-long U-shape tube. The amount of N2 is controlled by a 

mass-flow controller. The amount of 100 ppm NH3 is controlled by an electrical 

syringe pump. The U-shape tube with mixed gas is connected to a micro-fluid 

measuring system made by Polytetrafluoroethylene (PTFE) (width = 1 cm, length = 

3.5 cm, and height = 0.1 cm). Two Keithley 2400s are utilized to synchronously 

generate -5 V (drain terminal) and 30V (gate terminal) pulse each 50 millisecond and 

read out the currents 

2-8 Devices Electrical Parameter Extraction  

Field effect mobility, threshold voltage, subthreshold slope and Ion/Ioff ratio are 

usual used to compare different devices’ performance. In the following section, 

extraction methods would present how to extract parameters from electrical transfer 

characteristic of pentacene. 

 

2-8.1 Field Effect Mobility (μFE) 

    The field effect mobility (μFE) was determined by the orientation of pentacene 

molecules near gate dielectric. Therefore, gate dielectric surface states strongly affect 

the device μFE. The device μFE variation can be used to compare the difference between 

PVP and PVP-PMMA dielectric layers. In our experiment, μFE were extracted by using 

the linear region equation. Because the electrical transfer characteristic of 

pentacene-based thin film transistor is similar to those conventional single crystalline 

MOSFETs, the linear region equation can be applied to pentacene-based thin film 
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transistor and can be expressed as 

 I஽ௌ ൌ ிாߤ௘௙௙ܥ
ௐ
௅

ቂሺܸீ ௌ െ ்ܸ ுሻ ஽ܸௌ െ ଵ
ଶ ஽ܸௌ

ଶቃ   - Saturation region 

, where Ceff and VT are effective capacitance per unit area and the threshold voltage. W 

and L are device channel width and channel length. When operating device at low drain 

bias, the linear region equation can be modified to  

 I஽ௌ ൌ ிாߤ௘௙௙ܥ
ௐ
௅

ሾሺܸீ ௌ െ ்ܸ ுሻ ஽ܸௌሿ  - Linear region 

Generally, mobility can be extracted from the transconductance maximum GM in the 

linear region: 

ெܩ                   ൌ ቂడூವ
డ௏ಸ

ቃ
௏ವస಴೚೙ೞ೟ೌ೙೟

ൌ ௐ஼೐೑೑

௅
ߤ ஽ܸ 

The field effect mobility can be extracted from the transconductance and this equation 

can be expressed as  ߤிா ൌ ௅
ௐ௏ವೄ಴೐೑೑

 ெܩ

In this study, we used max GM value to calculate and define the field effect mobility. 

 

2-8.2 Threshold voltage (VT)  

Threshold voltage (VT) determines the device operation voltage and smaller VT 

can help to lower power consumption. Because VT strongly dependents on dielectric 

surface states, environmental and fabrication process variations easily cause a shift on 

the VT. Based on this phenomenon, the device VT shift is usually used as an importance 

parameter when pentacene-based TFTs applied to photo-detector or biochemical 

detector. In this study, we used the linear region equation to extract the device VT.    
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2-9 Material Analysis Instruments 

2-9.1 Atomic Force Microscope (AFM) 

Since PVP treated surface may exist OH groups, its surface morphology can also 

be different compare with PMMA surface. In addition, pentacene deposits on PVP 

(hydrophilic) and PMMA (hydrophobic) influenced by these two kinds of surfaces may 

have different grain size or morphology, too. Atomic force microscope (AFM) is used 

to measure surface morphology on a scale from angstroms to 30 microns. It scans 

samples through a probe or tip, with radius about 20 nm. The tip is held several 

nanometers above the surface and using feedback mechanism that measured 

interactions between tip and surface on the scale of nanoNewtons. Variations in tip 

height are recorded when the tip is scanned repeatedly across the sample, then 

producing morphology image of the surface. In this experiment, the used equipment is 

Digital Instruments D3100 as shown in Fig. 2-3 and the used active mode is tapping 

mode. 

 

2-9.2 Contact Angle System 

Contact angle system is used to estimate wetting ability of a localized region on a 

solid surface. The angle between the baseline of the drop and drop boundary is 

measured. Comparing the result can tell the material surface is relatively hydrophilic or 

hydrophobic, then can further analysis surface chemical composition. Since PVP have 

OH groups on its molecular structure while PVP-PMMA have less. We prepared the 

glass substrate coating with PVP and PVP-PMMA. By the contact angle system, we 

found the water contact angle and surface energy of PVP and PVP-PMMA were similar. 

Fig. 2-4 is the picture of contact angle system used in this experiment 
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Figure of Chapter 2 

 

Fig. 2-1  (a) The schematic picture of MIM pattern and cross section  

 
Fig. 2-1  (b) The schematic picture of pentacene-based TFT pattern and cross 

section 

Fig. 2-1  (c) The process flow of the porous pentacene-based OTFT 

 

Fig. 2-2  The molecular structure of PVP, PMF, and PVP-PMMA 
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Fig. 2-3 Micro-fluid sensing system  

 

 

Fig. 2-4 The picture of Digital Instruments D3100 

 

Fig. 2-5  The picture of contact angle system 
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Chapter 3 Result and Discussion 

3-1 Metal-Insulator-Metal Leakage Test 

Follow previous sections, we can get two polymer dielectric between Al and Au 

electrodes, and the cross-section were 1×1 mm2. The thickness of the polymer films 

measured by using a surface profiler (Alpha-step) was about 420nm. So we can 

investigate the electrical insulating properties and capacitance of PVP and PVP-PMMA. 

We applied one electrode voltage sweep from 0 to ±50v and the other electrode was 

ground. Fig. 3-1 showed the MIM leakage current density were 1.71×10-8 A/cm2 and 

2.85×10-8 A/cm2 in an electric field of 1MV/cm. Showing that PVP and PVP-PMMA 

both have enough insulating properties for OTFT operation. The measured capacitance 

of the MIM structure with PVP and PVP-PMMA was approximately 8.8nF/cm2 and 

5.6nF/cm2. 

 

3-2 Characteristics of Pentacene-based TFTs with PVP and 

PVP-PMMA Dielectrics 

Electrical transfer characteristics of pentacene-based organic thin film transistors 

(OTFTs) with PVP and PVP-PMMA dielectrics measured in the ambient air and in the 

dark are shown in the Fig 3-2. We operated the device in the linear regionሺ|VD| ൏

|VG െ VT|ሻ and got field effect mobility (μFE) and threshold voltage by extracting from 

transfer of characteristics devices. The μFE and VT of PVP OTFTs were about 

0.5~0.6cm2/Vs and -15 V. And the μFE and VT of PVP-PMMA-OTFTs were close to 

0.32 cm2/Vs and -14 V. Ion/Ioff ratio of devices of PVP-OTFT was 4×104 worse than 
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PVP-PMMA was 3×105. In our research, if we measured transfer characteristics (ID-VG) 

more times, we could know threshold voltage of PVP OTFT easily shift to positive, but 

PVP-PMMA OTFT was much more stable only shift less. Apparently, PVP-PMMA 

OTFT has fine characteristics for display application than PVP OTFT. In the next 

sections, we would explain why the PVP OTFT has higher mobility but poor stability 

than PVP-PMMA OTFT. 

 

3-3 Morphology of PVP, PVP-PMMA and Pentacene Thin 

Films 

Before and after depositing pentacene thin films on organic gate dielectrics, 

using atomic force microscope (AFM) to observe the morphology of PVP, 

PVP-PMMA and pentacene films deposited on PVP and PVP-PMMA. Surface 

roughness is one of factors that can effect semiconductor crystallization. Pentacene 

grow on smooth surface usually have better morphology and mobility than grow on 

rough surface. Fig. 3-3(a) and (b) are atomic microscopy images of PVP and 

PVP-PMMA gate dielectric before depositing pentacene thin films. Both PVP and 

PVP-PMMA have smooth surface roughness about 0.5 nm. Fig. 3-3 (c) and (d) are 

atomic microscopy images of pentacene thin films on PVP and PVP-PMMA gate 

dielectrics. By telling (c) and (d) images, pentacene films have similar grain size no 

matter it was deposited on PVP or PVP-PMMA surface. However, according to the 

study proposed by Sangyun Lee et al, OH-terminated interface may increase the 

mobility by supplying the hopping sites, the carriers then can move easily through the 

channel. Fig. 3-3 (e) show the AFM images of pentacene films morphology during 

initial growth was discussed. The large grain size of pentacene material was on the 
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PVP-PMMA rather than PVP. It is reported the large grain size of pentacene-based 

TFTs on the much hydrophobic surface have higher mobility is observed during initial 

pentacene film growth state [23]. In our experiments, OH groups’ effects on OTFTs 

need further experiment to study why the PVP-PMMA OTFT also have OH group but 

not present high mobility like PVP OTFT.  

 

3-4 Wet-ability of PVP and PVP-PMMA Dielectrics 

PVP and PVP-PMMA films were fabricated by using spin-coating process on the 

glass substrates. Water contact angles of PVP and PVP-PMMA dielectric surfaces 

were 67.3o and 63.9o as shown in Fig. 3-4 (a) and (b). Previous researches mentioned 

that water contact angle strongly dependents the chemical composition of dielectric 

surface. Fig. 3-4 (a) and (b) shows that PVP dielectric surface has indistinct difference 

with PVP-PMMA because OH groups also consist in PVP and PVP-PMMA molecule 

structure. But they also provide a good surface energy for pentacene deposition. 

Surface energy of PVP and PVP-PMMA calculated were 50.3 mJ/m2 and 48.3 mJ/m2. 

 

3-5 Moisture Effect on OTFTs Operation 

Of the polymer gate dielectrics reported in the literature, PVP is perhaps the 

dielectric with the highest mobility for pentacene-based TFTs. We try to clarify why 

PVP-OTFT has higher mobility than PVP-PMMA OTFT. In our work, we do 

encapsulation in the anhydrous oxygen environment for PVP OTFT and PVP-PMMA 

OTFT. Fig. 3-5(a) and (b) show the transfer characteristics of OTFTs with or w/o 

encapsulation. By the Table 2, we can get information of moisture effect to OTFTs. 

PVP OTFT with encapsulation has the lowest mobility and the lowest threshold voltage 
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in the Table 2. We can infer the moisture contributes large mobility to PVP OTFT, 

because OH groups closed to the channel easily interact with water vapor to become 

electron traps to induce extra hole. In contrast, the mobility of PVP-PMMA OTFT has 

less change. It means the methyl methacryl groups not only prevent moisture invade but 

also perform good behavior for OTFTs such as stable electrical properties, high on/off 

ratio, low leakage current. 

 

3-6 Moisture Effect on Hysteresis Phenomenon Investigation  

Though PVP OTFT have high mobility than PVP-PMMA OTFT in ambient air, 

but its instability has been widely discussed in previous researches [13-17], hysteresis 

and bias stress effect were observed in the transfer characteristic of pentacene-based 

TFTs with PVP dielectric. In this section, we firstly discuss the hysteresis of 

PVP-OTFT and PVP-PMMA-OTFT in ambient air, and then we encapsulate two 

devices to observe the hysteresis phenomenon in anhydrous oxygen environment. 

 

3-6.1 Hysteresis Phenomenon Investigation on OTFTs in 

Ambient Air 

Devices with PVP and PVP-PMMA dielectrics were prepared to measure by 

semiconductor parameter analyzers HP4156A (Agilent). Every time we fabricated the 

device completely and vacuumed them in boxing quickly to prevent moisture intrusion. 

First, we measured them in the dark box in the ambient air with a relative humidity of 

65% at room temperature 25°C. We given symmetric sweeps from VG=+30V to 

VG=-30V (off to on) and back scanning from VG=-30V to VG=+30V (on to off) and 

give VD=-5V, VS=0V. And sweep rate is set up as 0.5V/s. Fig. 3-6(a) and (b) are 



 

26 

electrical transfer characteristics of devices. We observed hysteresis behavior appeared 

for the PVP-OTFT, but no hysteresis was observed for the PVP-PMMA OTFT. It was 

found that back scan current (on to off) was large than forward scan current (off to on) 

(or called clockwise hysteresis), it’s different with hysteresis due to hole trapping in the 

channel/dielectric interface [14]. But it is considered to relate with residual 

dipole-induced effect caused by slow polarization in the bulk organic dielectric with 

hydroxyl groups. This behavior is often found in the PVP or terminated-OH (hydroxyl 

groups) dielectric, which can be slowly reoriented by an applied electric field [5]. 

When PVP OTFT swept from off to on, extra hole would be stay in the 

channel/dielectric interface. Then we sweep gate voltage from on to off mode, the extra 

hole can’t be released rapidly by slow polarization due to dipole reorientation. That is 

why back scan current is large than forward scan current, so the hysteresis is formed. 

Respect to PVP-PMMA-OTFT, no hysteresis is observed in the on and subthreshold 

swing region. Hydroxyl groups in PVP-PMMA might difficultly be charged or be 

interfered the polarity of vinyl phenol by MMA groups. It seems that PVP-PMMA 

OTFT has no memory effect on device operation.  

 

3-6.2 Hysteresis Phenomenon Investigation on OTFTs with 

Encapsulation 

     In previous section, we find PVP OTFT has hysteresis but PVP-PMMA OTFT has 

hysteresis-free in dark and ambient environment. Although PVP and PVP-PMMA 

dielectrics both have OH groups, the hysteresis phenomenon is not found for the 

PVP-PMMA OTFT. In previous researches [5], water vapor might diffuse to PVP bulk 

dielectric results in slow polarization when OTFT operates. We try to investigate water 

vapor how to influence two devices both have OH groups. Put devices in the anhydrous 
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glove box after achieve high vacuum pressure in the chamber, and then encapsulate the 

devices in the anhydrous oxygen glove box. Also give symmetric sweeps from 

VG=+30V to VG=-30V (off to on) and back scan from VG=-30V to VG=+30V (on to off) 

and VD=-5V, VS=0V. Fig. 3-6 (c) and (d) are electrical transfer characteristics of 

devices. Both OTFTs with PVP and PVP-PMMA are hysteresis-free after 

encapsulating the devices in the anhydrous oxygen environment. It is clearly saying 

that hysteresis behavior due to water vapor for PVP-OTFT. The amount of OH groups 

would increase water vapor absorption in the bulk dielectric. As PVP-OTFT in the 

anhydrous oxygen environment, no water vapor absorption results in slow polarization. 

On the contrary, PVP-PMMA-OTFT shows hysteresis-free even in ambient air, so we 

guess the MMA group is much hydrophobic for moisture that made water vapor is 

difficult to invade dielectric bulk. 

 

3-7 Bias Stress Effect on OTFTs in Ambient/Anhydrous 

Oxygen Environment 

As above description, pentacene thin film deposited on organic dielectrics with 

PVP and PVP-PMMA groups had different interface states between gate dielectric and 

pentacene thin film owing to grain size of pentacene initial growth state. In this section, 

we discuss the OH group influence on the device reliability, and the defect generation 

mechanism. However, one of main degradation mechanisms is OH group exists and 

interacts with water vapor.  
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3-7.1 Bias Stress Effect on OTFTs in Ambient Air 

In this section, the bias stress effect on devices with PVP and PVP-PMMA groups 

in the dark and ambient air environment was discussed. Because Au/pentacene contact 

barrier is prefer to hole transportation, pentacene-based TFTs in this study is p-type. 

The positive gate bias was applied to stress the device at off-state region and the 

negative gate bias was applied to stress the device at on-state region.  

For positive gate-bias stress, VG was kept at +15 V and VD = VS were 0 V for 2000 

sec. The linear-region transfer characteristics of devices before stress and after   

2000-sec stress are depicted in Fig. 3-7 (a). Then, threshold voltage shift (△VT) curves 

of devices with PVP and PVP-PMMA gate dielectrics were plotted as a function of 

bias stress time as shown in Fig. 3-7 (b). We found that positive gate-bias stress 

influences on devices with PVP and PVP-PMMA gate dielectrics were similar but 

different with pentacene-based TFT on SiO2 dielectric [8]. Obviously, the gate-bias 

stress causes a negative shift of the transfer characteristics of devices with PVP and 

PVP-PMMA gate dielectric. For the negative gate-bias stress, VG was kept at -15V 

minus initial threshold voltage (-15V-VT) while VD = VS were 0 V for 2000 sec. The 

linear-region transfer characteristics of devices before stress and after 2000-sec stress 

are depicted in Fig. 3-7 (c). Then, threshold voltage shift (△VT) curves of devices with 

PVP and PVP-PMMA gate dielectrics were plotted as a function of bias stress time as 

shown in Fig. 3-7 (d). The negative bias stress caused a △VT of both transfer 

characteristics of device with PVP and PVP-PMMA gate dielectrics. The △Vth of 

device with PVP gate dielectric is much larger than with PVP-PMMA gate dielectric, 

even make device situate normally on-state. Compare to the positive gate bias stress, 

the negative gate bias stress caused large △Vth of device with PVP-PMMA dielectric. 

The field-effect mobility μFE as a function of stress time is shown in Fig. 3-7 (e). 
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3-7.2 Bias Stress Effect on OTFTs with Encapsulation 

    After discuss pentacene-based TFTs in ambient air, we encapsulate the devices with 

PVP and PVP-PMMA dielectrics and measure the same gate-bias stress condition like 

previous section. For positive gate-bias stress, the transfer characteristics of both 

devices are depicted in Fig. 3-8 (a). Both transfer characteristics of devices keep almost 

unchanged after applied VG=+15V stress 2000-seconds. Apparently, polymer 

dielectrics with OH groups in anhydrous ambient hardly form electron traps with water 

vapor.  

    For negative gate-bias stress, the transfer characteristics of both devices are 

depicted in Fig. 3-8 (b). PVP OTFT still was suffered for negative gate bias stress, but 

transfer characteristics of PVP-PMMA OTFT almost keep unchanged. It’s a incredible 

result for stressing device hold on high carrier concentration in the channel. For 

OTFTs with or without encapsulation, comparison to threshold voltage shift is shown 

in Fig. 3-8 (c) and (d). 

3-8 Superior Stability of PVP-PMMA OTFTs with 

Encapsulation 

In the last part, negative gate bias stress effect on PVP-PMMA OTFTs with 

encapsulation has been decreased drastically. Even give voltage -30volts 

(VG-VT=-15volts) bias stress ten thousand seconds to gate electrode on PVP-PMMA 

devices with encapsulation maintain initial electrical properties. Gate bias stress on 

the transfer characteristics of device are depicted in Fig. 3-9 (a) shows high stability for 

PVP-PMMA OTFTs. It might be caused in no water environment which OH group is 

hard to form negative-chareged with water vapor. Further, we use LED backlight to 

investigate interface state of PVP-PMMA device. Measurement of transfer 
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characteristics with 1.2mW white light illumination as shown is shown in Fig. 3-9 (b). 

PVP-PMMA device is much more stable with light. Even give gate bias stress on device 

companied with 1.2mW light. The threshold voltage slightly shifted. Its high stability 

saying that OH group is too difficult to form negative-charge with water vapor to be 

electron traps.The similar result is reported for high stability use Cytop [24] as gate 

dielectric owing to its ultralow gate leakage current. 
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Figures of Chapter 3 

 

 

Fig. 3-1  The leakage current density of MIM with PVP and PVP-PMMA 
dielectrics. 

 
Fig. 3-2  The characteristics of PVP and PVP-PMMA OTFT measured in 

ambient. 
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Table. 3-1  OTFT Parameters 

 

 

 

Dielectric PVP PVP-PMMA
Ci(nF/cm2) 8.8 5.6

Mobility (cm2/V*s) 0.5~0.6 0.31
Threshold Voltage (V) About -15 About - 14 V

Ion/Ioff Near 5×104 >5×105

PVP

Roughness Rms:5.2A

PVP‐PMMA

Roughness Rms:5.6A

(a) (b)

PVP PVP‐PMMA

(c) (d)
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Fig. 3-3  AFM image and surface roughness of (a) PVP (b) PVP-PMMA 
      AFM image of 50-nm pentacene on (c) PVP (d) PVP-PMMA 

    AFM image of 5-nm pentacene on(e) PVP and PVP-PMMA 

 

 
 

 

Fig. 3-4  Water contact angle and surface energy of (a) PVP (b) PVP-PMMA 

 

PVP PVP‐PMMA

(e)

PVP 
Water contact angle 67.32°
Surface Energy  50.3 mJ/m2

PVP‐PMMA 
Water contact angle 63.96 °
Surface Energy  48.3mJ/m2

(a) (b)
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Fig. 3-5   The transfer characteristics of (a) PVP OTFT (b) PVP-PMMA OTFT 

with encapsulation or not 
 
 

-40 -30 -20 -10 0 10 2010-12

10-11

10-10

10-9

10-8

10-7

10-6
D

rain C
urrent ( μA

 )D
ra

in
 C

ur
re

nt
 ( 

A
 )

Gate Voltage ( V )

PVP OTFT
 w/o encapsulation
 with encapsulation 

0.0

0.4

0.8

1.2

1.6

2.0
 

 

-40 -30 -20 -10 0 10 2010-12

10-11

10-10

10-9

10-8

10-7

10-6

D
rain C

urrent ( μA
 )D

ra
in

 C
ur

re
nt

 ( 
A

 )

Gate Voltage ( V )

0.0

0.4

0.8

1.2

1.6

2.0
PVP-PMMA OTFT

 w/o encapsulation
 with encapsulation 

 

 



 

35 

 
 
 

 
Fig. 3-6  The transfer characteristics with forward and back scan of devices 

with (a) PVP (b) PVP-PMMA in ambient air 
        (c) PVP (d) PVP-PMMA with encapsulation 
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Fig. 3-7  (a) The transfer characteristics of devices before and after 2000 seconds 
positive gate bias stress (b) Threshold voltage shift (△Vth) of PVP and 

PVP-PMMA devices during positive gate bias stress in air (c) The transfer 
characteristics of devices before and after 2000 seconds negative gate bias stress 

(d) Threshold voltage shift (△Vth) of PVP and PVP-PMMA devices during 
negative gate bias stress in air 

(e) The field-effect mobility plotted as a function of stress time for positive bias 
and negative bias on the PVP and PVP-PMMA devices 
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Fig. 3-8  The transfer characteristics of devices before and after 2000 seconds (a) 
positive gate bias stress (b) negative gate bias stress on PVP and PVP-PMMA 

devices with encapsulation. 
And comparison to threshold voltage shift (△Vth) of PVP and PVP-PMMA 

devices during positive and negative gate bias stress (c) in air (d) with 
encapsulation. 

 

-40 -30 -20 -10 0 10 200.0

0.2

0.4

0.6

0.8

1.0

D
rain C

urrent ( A
 )D

ra
in

 C
ur

re
nt

 ( 
μA

 )

Gate Voltage ( V )

           PVP   Initial    VG=+15V stress 2000sec
PVP-PMMA   Initial    VG=+15V stress 2000sec

With Encapsulation
VD=-5V 

10-11

10-10

10-9

10-8

10-7

10-6
 

 

-40 -30 -20 -10 0 10 200.0

0.2

0.4

0.6

0.8

1.0

D
rain C

urrent ( A
 )D

ra
in

 C
ur

re
nt

 ( 
μA

 )

Gate Voltage ( V )

            PVP   initial  VG-VT=-15V stress 2000sec
PVP-PMMA   initial  VG-VT=-15V stress 2000sec

With Encapsulation
VD=-5V

10-11

10-10

10-9

10-8

10-7

10-6
 

 

(a) (b)

0 500 1000 1500 2000
-12
-8
-4
0
4
8

12
16
20
24
28

 

 

Th
re

sh
ol

d 
Vo

lta
ge

 S
hi

ft 
( V

 )

Stress Time ( sec )
            PVP  (VG-VT=-15V)  (VG=+15V)
PVP-PMMA  (VG-VT=-15V)  (VG=+15V)

 

 

0 500 1000 1500 2000
-0.5

0.0

0.5

1.0

1.5

2.0

 

 

Th
re

sh
ol

d 
Vo

lta
ge

 S
hi

ft 
( V

 )

Stress Time ( sec )
            PVP  (VG-VT=-15V)  (VG=+15V)
PVP-PMMA  (VG-VT=-15V)  (VG=+15V)

 

 
w/o Encapsulation with Encapsulation



 

39 

 

 

 

Fig. 3-9  The transfer characteristics of devices (a) before and after 1000, and 
10000 seconds under negative gate bias stress (b) light illumination combined 

with positive and negative gate bias stress on PVP-PMMA OTFT with 
encapsulation  
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Chapter 4 Porous Pentacene-based TFTs 

4-1 Moisture Effect to a Novel Porous Pentacene-based TFT 

    For make sure the water vapor can vastly affect polymer gate dielectrics with 

OH group, we fabricate a porous pentacene-based TFT with PVP dielectric. We add 

polystyrene sphere particles on PVP before depositing pentacene film. Use polystyrene 

spheres as nano-scale shadow mask for pentacene growth. The AFM image of 

50-nm-pentacene film depositing on PVP and PS sphere is shown in the Fig. 4-1 (a). 

The PS spheres (diameter about 200nm) are left on the active layer without affecting 

device operation. Fig. 4-1 (b) show transfer characteristic of porous OTFT in ambient 

air. It inconceivably exhibit higher mobility than standard OTFTs with PVP dielectric in 

ambient air. Assume the novel device could make water vapor or gas flow into PVP 

surface rapidly instead of slowly diffusing through grain boundaries of pentacene. Be 

able to examine the moisture effect on PVP dielectric for this porous OTFT. 

    First, we put the device into micro-fluid system under pure N2 flow. Make PVP 

surface absorb little water vapor. We can observe mobility and on current vastly 

decreasing when expose to N2 flow in two minutes. Fig. 4-1 (b) show transfer 

characteristic of porous OTFT expose to nitrogen. It’s possible due to water vapor 

through PS sphere to bare surface of PVP without pentacene capping instead of 

diffusing through grain boundaries. Hence, water vapor has ability to rapidly pass in 

and out surface of PVP. Further, change hydroxyl group charging quickly and enhance 

carrier concentration in the channel. Fig. 4-1 (c) show the possible mechanism and 

reversible chemical reaction as follow: 

 
+  H‐OH +  H3O

+‐OH ‐O‐
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4-2 A Novel Porous Structure Pentacene-based TFTs as 

Ammonia Gas Sensor 

4-2.1 Motivation 

    It is reported that breath NH3 concentration is higher in cirrhotic patients (0.745 

ppm) than that in normal person (0.278 ppm) [25].OTFTs as NH3 gas sensors were 

reported to have sensitivities in the low-ppm levels, good repeatability, and stable 

operation in ambient condition at room temperature [26,27]. An OTFT that can detect 

0.5-ppm NH3 in a few seconds, however, was not reported. Follow previous section, 

we could realize the hydroxyl group charging has ability to strongly affect the carrier 

concentration in the channel. By the concept, a real-time sensitive ammonia sensor 

based on a porous OTFT is demonstrated.  

 

4-2.2 Sensing Mechanism Comparison 

NH3 sensing in conventional OTFT relies on the following two steps: (1) NH3 

molecules diffuse through grain boundaries to enter channel area, (2) polar NH3 

molecules reduce carrier mobility through charge-dipole interactions and shift device 

threshold voltage by serving as acceptor-like deep traps. The defect is that reaction is 

slow, usually irreversible and strongly dependent on the grain structure. To speed up 

the response to ammonia, a novel structure OTFTs show in Fig. 4-2 to enhance 

sensing response for NH3. 
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4-3 Exposed to Low-ppm Ammonia 

    First, put the device into micro-fluid system under pure N2 flow, in order to make 

PVP surface absorb little water vapor and pure the sample without unwanted gas 

molecules. Then let sample expose to 1ppm NH3 flow in one minute. Fig. 4-3 (a) shows 

in a short time the apparent difference of transfer characteristic between N2 and 1ppm 

NH3. Fig. 4-2 (b) shows output characteristic of porous device expose to 3ppm NH3 in 

two minutes and Fig. 4-3 (a) shows transfer characteristic expose to various 

concentration of NH3 in one minute. It is successful to access apparent difference in a 

few minute. Porous structures make OTFTs have ability to apply on fast response 

ammonia gas sensor. Possible mechanism is similar to previous concept when PVP 

surface interact with ammonia as follow:  

 

 

 

4-4 Real-time Response for Low-ppm Ammonia 

    We try to investigate the porous OTFTs having reversible ability in a short time or 

not. The real-time measurement is required to observe its behavior and build up a new 

method for ammonia sensing. As the Chapter 3 is depicted, the gate bias stress effect is 

strongly affecting the OTFTs operation, including porous OTFTs with PVP dielectric. 

So it’s difficult only to observe multiple transfer characteristic of porous OTFTs for 

NH3 sensing. If take constant gate voltage and drain voltage make device is lie in on 

state, that sampling current would be suffered severely for bias stress effect as shown in 

Fig. 4-4 (a).        

+  NH3 +  NH4
+‐OH ‐O‐
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Instead of constant voltage, giving pulse voltage for gate and drain electrodes then 

sampling in a function time. The method would be benefited to intercept the real-time 

change for NH3 gas sensing. We use two Keithley 2400 giving pulse in a function time 

with lab-view program controlling. Real-time measurement expose to N2 is stable 

without current changing when pulse time is set up to 10 seconds. The sensing 

responses of porous OTFT are observed by plotting drain current as a function of time 

exposed to different ambient conditions in Fig. 4-4 (a). The current is stable under N2 

flow. As exposing to 3ppm NH3, the current is steeply increasing in a few seconds then 

go into saturation value. Next, let device under N2 flow and the current also recover fast 

to original value. Expose to 3ppm NH3 again would get the similar result. It is saying 

the porous OTFTs have ability for fast response and rapid recover for low-level 

ammonia sensing. It should be attributed to porous structure make gas molecules go to 

PVP surface rapidly, and enhance carrier concentration in the channel.  

The apparent current difference of porous OTFT is exposed to 3ppm, 1ppm, and 

0.5ppm NH3 is shown in Fig. 4-4 (b). Achieve 0.5ppm sensitivity is enough to 

distinguish cirrhotic patients (0.745 ppm) than that in normal person (0.278 ppm). 

 

4-5 Discussion of Sensing Mechanism and Humidity Effect 

For OTFT with PVP dielectric, it is reported that the –OH groups in PVP film 

dissociate into negative-charged molecules when reacting with water molecules [5]. 

The negative-charged molecules enhance the accumulation of holes in channel and 

hence increase carrier mobility and the drain current. As shown in Fig. 4-3, porous 

OTFT in ambient (relative humidity RH = 60%), in dry N2 (RH < 5%), and in dry N2 

with 3-ppm NH3 (RH < 5%) exhibits mobility as 0.77, 0.03, and 0.05 cm2/Vs, 

respectively. It is proposed that in N2 ambient, most –OH groups keep neutral without 
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dissociation since water molecules are removed. When NH3 molecules enter N2 

ambient, they react with –OH groups to form negative-charged molecules and to 

increase current. When NH3 sensing behavior is measured in humid environment as 

shown in Fig. 4-5, almost no response can be seen because –OH groups already 

reacted with water molecules. The result might contribute to H2O is much more than 

ammonia so it doesn’t have apparent response. 
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Figures of Chapter 4 
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Fig. 4-1  (a) AFM image of the PS sphere on the pentacene (b) the transfer 

characteristics of porous OTFT in different environment (c) possible mechanism. 

 

 

 
 

Fig. 4-2  Schematic device structures (a) Conventional OTFTs 
(b) Porous OTFTs 
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Fig. 4-3  (a) The transfer characteristics of porous OTFT in different 
environment (b) the transfer characteristics to various NH3 concentration (c) the 

output characteristics to N2 and NH3 
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Fig. 4-4  Real-time measurement of (a) conventional OTFT is exposed to 5ppm 

NH3 (b) Porous OTFT is exposed to various NH3 
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Fig. 4-5  Porous OTFT is exposed to 3ppm NH3 in humid N2 
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Chapter 5 Conclusion  

In this thesis, we investigate pentacene-based TFTs with polymer gate dielectrics 

having hydroxyl group, PVP and PVP-PMMA. For OTFT with PVP dielectric, its 

instability almost due to hydroxyl groups in PVP film dissociate into negative-charged 

molecules when reacting with water molecules. Isolate the water vapor with PVP and 

instability of device such as hysteresis and bias stress effect might be reduced. For 

OTFT with PVP-PMMA dielectric, it’s much stable than PVP even polymer insulators 

having OH group, MMA group might be more hydrophobic to prevent water vapor 

invasion. For its low cost and simple process, PVP-PMMA could be awesome in next 

generation for flexible display. Find a effective passivation to prevent water vapor 

effect could become a high stability for operation in ambient air. 

 By study of dielectrics having hydroxyl group, we acquire the hydroxyl groups 

in PVP film dissociate into negative-charged molecules when reacting with water 

molecule. By this concept, a new pentacene-based TFT with a porous active layer is 

demonstrated to realize a real-time sensitive (0.5~5 ppm) ammonia sensor. NH3 is an 

important indicator for uremia and chronic liver disease. An active layer with 

high-density holes increases the contact area between channel and ambient. It enables 

a direct penetration of NH3 molecules to channel/dielectric interface and a rapid 

reaction between channel carriers and NH3 

The new device in this work can be used as a low-cost, non-invasive, portable 

and disposable breath testing sensor for monitoring the patients with liver cirrhosis 

and renal failure. 
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