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中文摘要 

 

 非晶氧化銦鎵鋅(a-IGZO)為具有潛力的光電材料，尤其是應用於顯示器上，故了解

其對於可見光的基本反應有其必要性。在本研究中，我們對 a-IGZO 薄膜電晶體在不同

波長光照下進行了光反應之研究，發現其行為與光波長及元件之操作模式有明顯的相依

性，此可作為將來在系統設計上的參考。為了改製透明的 a-IGZO 薄膜電晶體成為對可

見光區有高度感測能力的光感測器，引入以窄能隙高分子半導體，P3HT，覆蓋於底閘極

a-IGZO TFT 主動層上來形成光電晶體。加入 P3HT 覆蓋層的元件其光感測靈敏度被大

幅提升，其具有大量光電流的主要原因來自於光照造成臨界電壓的改變。經過一系列不

同操作模式下的照光實驗，我們合理推測照光所引起臨界電壓改變的機制為照光過程中

由 P3HT層所激發出的激子(電子電洞對)在 P3HT/IGZO介面被內建電場拆解並順著電場

方向將電子引入 IGZO 層並在基體內(背通道)累積或被捕捉而造成臨界電壓值的改變。 

    此外，在本研究中也發現藉由覆蓋層結構的引入會造成臨界電壓值改變，推測是覆
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蓋層與 IGZO 主動層之費米能階不同而導致介面形成電偶極。我們發現 a-IGZO 薄膜電

晶體的臨界電壓位置可經由一系列不同費米能階的金屬覆蓋層來有效的調變，由於

IGZO 主動層後通道與不同費米能階之覆蓋層間形成不同程度與極性的電偶極，此會感

應出不同的基體電壓(基體效應)來改變元件臨界電壓值。因此，我們提出一個加入金屬

覆蓋層的結構來提升元件效能與調變其臨界電壓值而不會造成元件效能的折損與漏電。

於此更發現元件遷移率(mobility)可經由覆蓋層的引入而大幅提升，此法將可作為一簡單

而有效的製程。 
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Abstract 

   a-IGZO is the high-potential material for optoelectronic application, display specially. 

Therefore, the photo-response to visible light of a-IGZO transistor must be understood. In this 

study, we discuss the photo-response of a-IGZO TFT under illumination with various 

wavelengths and find out that a-IGZO TFT is strongly wavelength and operation mode 

dependent. This study could provide a useful direction for future system design. In order to 

reform the transparent a-IGZO thin film transistor to become a visible light photo-sensor with 

adequate sensitivity, we introduce a narrow bandgap polymer semiconductor, P3HT, capping 

onto the active layer of bottom-gate a-IGZO TFT to form a photo-transistor. The large 

photocurrent of P3HT-capped a-IGZO photo-transistor may be caused by the light-induced 

threshold voltage shift. By a series of experiments made in different operation modes under 

illumination, the reasonable mechanism of light-induced threshold voltage shift is proposed. 
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The excitons are generated in P3HT by illumination and then are dissociated by the build-in 

electric field at P3HT/IGZO junction. The electrons dissociated from excitons drift into IGZO 

and then be trapped or accumulate at the back channel in IGZO TFT during illumination. 

    Furthermore, in this study, it was found that the threshold voltage position is changed by 

introducing the capping layer. It is speculated that electric dipoles are formed during the process 

of fermi-level equilibration while the junction between capping layer and IGZO form. We 

demonstrate that the threshold voltage position of a-IGZO TFT could be effectively adjusted by 

capping layer with various fermi-levels. By the electric dipoles with various magnitudes and 

different polarities forming between IGZO back channel and capping layer with various 

fermi-levels, the body voltage could be adjusted (body effect) and then affect the device 

threshold voltage. In this study, we propose a novel structure with capping metal layer onto the 

active layer of bottom-gate a-IGZO TFT to provide a powerful solution of enhancement of 

device performance and threshold voltage modulation that would not cause current leakage and 

performance degradation. In addition, the device mobility increases significantly after 

introducing the metal capping layer. In summary, capping metal layer seems a simple and 

effective approach to fabricate a feasible metal oxide transistor. 
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Chapter 1  

Introduction 

1-1 Introduction 

1-1.1 Carrier transmission mechanism of metal oxide 

semiconductors 

The mechanism of carrier transmission in amorphous oxide semiconductor, 

a-IGZO, was discussed in this section. Before reporting the a-IGZO mechanism, the 

hydrogenated amorphous silicon (a-Si:H) transmission mechanism, the conventional 

material for flexible TFTs will be described briefly. As shown in Fig. 1.1, the carrier 

transport paths in a-Si:H composed with covalent bonds of sp3 orbitals was affected 

obviously by the ordering of the structure. The electronic levels and trap states was 

influenced by the fluctuation of the bonding angle in the a-Si:H structure. [1] Compare 

to the a-Si:H, the characteristics in amorphous oxide semiconductors (AOSs) are 

different from the semiconductors with covalent bonds. The carrier-transport path in 

AOSs was shown in Fig. 1.2. The bottom of the conduction band in the oxide 

semiconductors that has large ionicity is primarily composed by spatially spread metal 

ns (here n is the principal quantum number) orbitals with isotropic shape. [1] There 

were no conduction paths formed by the 4s orbitals had been obtain so far in any 

amorphous oxide. Based on these facts, the condition necessary for good conductivity 

in a-IGZO is that the conduction paths should be composed of the ns orbitals. The 

principal quantum number is at least 5 [2] and direct overlap among the neighbor metal 

ns orbitals is possible. The magnitude of this overlap is insensitiveness to distorted 

metal–oxygen–metal (M–O–M) chemical bonds that intrinsically exist in amorphous 

materials. [3,4] The amorphous oxide semiconductors (AOSs) containing 
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post-transition-metal cations was possible to show the degenerate band conduction and 

high mobility (>10 cm2/Vs). [2,5]   

Each sub-element in this ternary material of a-IGZO film showed various 

characteristics to affect the parameters of TFTs. Higher concentration of In atom is 

expected to generate high carrier. [6] The element of In is a big atom and easy to lose 

electrons while the oxygen is a small atom and easy to get electrons form the In. The 

released electron from the element of In may move to the conduction band when the 

composition of a-IGZO lacked for oxygen. [7] It will enhance the carrier transport 

during the operation in TFTs. In addition, the element of Ga was introduced provide 

high stability in a-IGZO TFTs. [8] The element of Ga in the a-IGZO film was 

introduced to reduce the electron concentration, mobility. The Ga was chosen because 

of atomic radius of Ga closed to In. Hosono et al. reported that the Ga3+ in the a-IGZO 

film attract the oxygen tightly due to the high ionic potential resulted from the small 

ionic radius and +3 valence.  It suppresses the electron injection and induces the 

oxygen ions escaping from the a-IGZO film. [9] Compare to the carrier concentration 

in the material of IZO (~1021 cm-3), smaller carrier concentration of a-IGZO (~1019 

cm-3) is reported. [2, 9-11] Ga also reduces the sensitivity of the carrier concentration 

when the O2/Ar ratio is varied. [11] Introducing the element of Ga to the a-IGZO film 

helps the carrier concentration of the a-IGZO film to be controlled easily. However, the 

mobility reduced while the Ga was introduced to the a-IGZO film. Doping the oxygen 

molecules to increasing the carrier concentration and the carrier mobility when the 

element of Ga was introduced the a-IGZO film  which was proposed by Hosono et al. 

[12] The element of Zn in the a-IGZO film was reported to affect the crystallization of 

the thin film. When the ratio of the Zn atoms in the a-IGZO film is larger than 65%, the 

crystalline structure was reported. [7] The crystalline structure in the a-IGZO film may 
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degrade the electrical characteristic while the uniformity was decreased by the disorder 

grain boundaries. 

 

1-1.2 Advantage of metal oxide transistors 

Metal oxide semiconductor was first reported in 1964 by H. A. Klasens et.al. [1] 

The material of metal oxide composed of heavy metal cations with an electronic 

configuration (n - 1)d 10 ns 0 (n≥4) are promising candidate for next generation 

semiconductor. [2] These ns orbitals have large radius, so that there is a large overlap 

between the adjacent orbitals shows in Fig. 1.3. Over the past few years, several oxide 

materials are reported to be the channel material in TFTs. The polycrystalline zinc 

oxide (ZnO) [3,4], amorphous zinc tin oxide (ZTO) [5], amorphous zinc indium oxide 

(ZIO)[6], and amorphous indium gallium zinc oxide (IGZO) [7-9] are proposed to be 

the active layer in transparent TFTs. Among the transparent oxide channel materials, 

amorphous indium gallium zinc oxide (a-IGZO) applied to thin film transistors (TFTs) 

has drawn considerable attention due to their high mobility, good transparency, and 

unique electrical properties. [10,11] Moreover, the amorphous type of a-IGZO was 

insensitiveness to the distorted metal–oxygen-metal chemical bonds. [2] Large band 

gap (>3eV) induces that the a-IGZO material was insensitive to the ambient light and 

transparent in visible region (400nm~700nm). The carrier contraction (n: 1013~1020 

cm-3) in the a-IGZO film was tunable by controlling the oxygen pressure during film 

deposition.  

When a-IGZO TFTs is applied to temperature limited substrates like flexible 

substrate, the radio-frequency (rf) sputtering technique is one of a few methods which 

enables us to deposit thin films of high-melting-temperature materials over large areas 

at low substrate temperatures. [12] However, H. Hosono et al. proposed that the 
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chemical species and/or a structure in a thin film are naturally unstable when thin films 

are deposited at low temperatures. [12,13] Additionally, they are stable while thin films 

are deposited at higher temperatures. The chemical species and/or a structure are frozen 

in the as-deposited thin film which relax to a more stable state and /or give the atoms 

more energy to rearrange upon thermal annealing, leading to an appreciable change in 

the electron transport properties. [12,13] Most oxide TFTs, especially a-IGZO TFTs, 

are fabricated using physical vapor deposition (PVD) techniques at room temperature 

and often require a high temperature post-deposition thermal annealing process to get 

high-performance and high-stability TFTs. [12-18] Among the post-deposition thermal 

annealing techniques, rapid thermal annealing (RTA) [16,17] or furnace annealing [18] 

are usually used to anneal the oxide TFT devices. For the application of a-IGZO TFTs 

which is fabricated on the temperature limited flexible substrate, high temperature 

thermal annealing may damage the substrates. Development of the annealing method at 

low substrate temperature is essential when applying a-IGZO TFTs to flexible and 

temperature limited substrates 

 

1-1.3 The optical characteristic and further application of 

a-IGZO TFT 

Recently, amorphous metal oxide TFT has been successfully application in 

active-matrix organic light-emitting display (AM-OLED) [31], active-matrix liquid 

crystal display (AM-LCD) [32], electronic paper [33] and transparent electronics 

[34,35]. Metal oxide transistor attracts so much attention is mainly due to the unique 

advantages of visible light transparency (band gap more than 3eV), high carrier 

mobility, large-area uniformity (amorphous structure) and room temperature 

fabrication ability. Metal oxide TFTs are expected to possess specific advantages on 
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display because the transparent characteristics that allows little response to visible light 

(wavelength (λ) larger than 420 nm). If the drive transistors on display could be 

insensitive to backlight, the wide aperture ratio and simple fabrication process is 

admitted. To realize the real response of a-IGZO TFT to visible light, a detailed 

experiment is performed in this study. 

 

1-1.4 The electric and optical characteristic of P3HT 

Poly (3-hexylthiophene), P3HT is a p-type organic polymer semiconductor 

material. Because of the overlaps of the electron orbital, the energies of excitation states 

and steady states of π electrons split into the highest occupied molecular orbital 

(HOMO) and the lowest unoccupied molecular orbital (LOMO). The HOMO is analog 

to the valance band and LUMO is analog to the conduction band in inorganic 

semiconductor material. The HOMO of P3HT is between -4.8 to -5.4 eV and the 

LUMO of P3HT is from -2.7 to -3 eV according to different literature. The bandgap of 

P3HT is about 2.1e V as shown in the Fig. 1.4. The narrow band gap permit the 

absorption of light with long wavelength locates in visible region. 

 

1-1.5 The value of threshold voltage modulation and the 

related techniques 

Transparent electronics have been extensively investigated for the past few years 

for its possible applications on flat, flexible, and transparent display devices. Metal 

oxide TFTs possesses much higher mobility than low-temperature polycrystalline 

silicon (LTPS) TFTs, which makes the metal oxide TFT also possible to serve as the 

driver circuit on the panel. In addition, metal oxide transistor are quite demanded if we 
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are aiming at transparent logic circuit applications, for which transparent 

complementary or one-type channel inverters are required [37-41] However, because of 

the poor characteristics of p-type metal oxide TFTs, the reported logic circuits 

composed of metal oxide TFTs have been mainly implemented with only n-type TFTs. 

Therefore, it has been a main obstacle in making high performance logic circuits. [37] 

Furthermore, in modern CMOS technology platforms typically provide up to six 

different types of logic core device with different oxide thicknesses and threshold 

voltages to meet the requirement of high performance, low-standby power, or 

low-operating power. For leakage-aware CMOS circuits, it’s a major challenge to find 

the optimal tradeoff between high switching speeds and low leakage currents. 

Therefore, body-biasing technique in CMOS circuit design have recently been 

discussed to adjust the performance of circuit blocks or complete integrated circuits to 

required operating conditions [42,43]. To improve the performance during active 

region, forward bias voltages are applied to the body contacts of NMOS and PMOS 

devices. Forward biasing reduces the threshold voltages and thus increases the 

on-current of the devices. Applying reverse bias voltages raises the threshold voltages, 

thereby reducing the sub-threshold currents and saving power in the standby mode. 

Body biasing is highly efficient for CMOS technologies with minimum sizes of 0.3 and 

0.2µm [44,45]. Compared to high speed CMOS technologies, device in low-standby 

power (LSTP) CMOS have higher threshold voltage, less aggressively scaled gate 

length, and thicker gate oxides. Hence, body biasing is in particular promising for 

low-standby power CMOS technologies. 

 

1-2 Motivation 

Metal oxide semiconductors, such as a-IGZO, usually possess direct band gap and 
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transparent characteristics. It is a potential material for photo and electric application. 

driving device in display and light emitting device especially. Therefore, the 

photo-response of metal oxide to visible light must be discussed in detail. a-IGZO is an 

excellent semiconductor material. However, the large band gap of more than 3eV 

makes it insensitive to visible light that restricts the application on light visible ling 

sensing. To achieve a visible light photo-transistor, the device structure must to be 

modified by visible light absorption layer. Furthermore, the lack of hole conductivity of 

a-IGZO limits its application on the logical circuit. A threshold voltage modulation 

technique is demanded to widen the application of metal oxide transistor on circuit. In 

this study, we intend to find out a feasible method to adjust the threshold voltage 

position of device without making any performance degradation. 

 

1-3 Thesis outline 

In chapter 1, brief overviews of the background and potential in amorphous 

metal-oxide TFTs are introduced. In addition, the photo-response on the device of 

a-IGZO TFT and the important issue of threshold voltage modulation of transistors 

were reported in this section.  

    In chapter 2, introduce the experiment procedure such as device fabrication, 

illumination system and how to extract the characteristics parameters. Then overview 

experiment equipment such as RF-sputter, thermal evaporator, light-emitting diodes 

(LEDs) and 4156A electric transfer characteristic measurement. 

    In chapter 3, the wavelength and electric field dependent photo-response of 

conventional a-IGZO TFT were discussed in detail and a novel P3HT capped a-IGZO 

TFT was demonstrated to enhance the photo-sensing ability of visible light region. 

Furthermore, the threshold voltage modifying by capping layer with various 
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fermi-levels onto conventional a-IGZO TFTs were discovered in this section. 

    In chapter 4, the results in our research are concluded. Suggestions for future work 

are also provided for further studies on a-IGZO TFTs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

9 

Figure of Chapter 1 

 

 

  

Fig. 1.1 The carrier transport paths in covalent semiconductors [7]. 

 

 

 

Fig. 1.2 The carrier transport paths in AOSs [7]. 
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Fig. 1.3 The overlap between the adjacent orbitals [2]. 

 

 

 

 
 

Fig. 1.4 Band diagram of P3HT. 
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Chapter 2  

Experimental Procedure 
 

2-1 Device structure and fabrication 

Heavily doped p-type Si (100) was used as a substrate and a gate electrode. Figure 

2.1 (a) shows a schematic cross-section of the top-contact bottom-gate a-IGZO TFT 

structure (b) P3HT-capped the top-contact bottom-gate a-IGZO TFT structure (c) 

metal-capped the top-contact bottom-gate a-IGZO TFT structure are used in this study. 

The detail fabrication process including dielectric deposition, a-IGZO film deposition, 

source/drain deposition, P3HT capping layer deposition and metal capping layer 

deposition are described in the following sections. 

 

2-1.1 Dielectric deposition 

The dielectric silicon nitride (SiNx) was formed on all samples with 1000 Å using 

Horizontal Furnace. Before deposition the active layer, the standard clean was carried 

out to remove the contamination on the dielectric surface. The standard clean is 

accomplished in two steps, SC1 and SC2. SC1 clean is the first step to remove the 

particle on the surface. The process was executed with a mixture of ammonium 

hydroxide, an oxidant hydrogen peroxide, and water in a mixing ratio of 1:4:20. 

                   NH4OH:H2O2:H2O = 1:4:20 (SC1) 

   The SC2 clean was used to remove metals from the surface. The cleaning process in 

SC2 contain three solution of HCl, hydrogen peroxide, and water. The mixture ratio in 

the SC2 process was 1:1:6. 

                       HCl:H2O2:H2O = 1:1:6 (SC2)  
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2-1.2 a-IGZO film deposition 

Generally, pulsed laser deposition (PLD) and ratio frequency (RF) –magnetron 

sputter were reported to deposit a-IGZO film as channel [10,12]. In this study, the 

rf-sputter with 3-in. circular target: In2O3:Ga2O3:ZnO = 1:1:1 at.% was used to deposit 

the a-IGZO film. 35nm a-IGZO channel layer was deposited at room temperature with 

a power of 70W, a working pressure of 7mTorr, and an Ar/O2 flow rate of 30/0. The 

active layer patterning was defined using a shadow mask. 

    RF sputtering (Fig. 2.2) is a process using radio frequency power supply, operating 

at 13.56MHz, to generate plasma in which atoms, ions, and clusters are created to 

sputter the target material. The glow-discharge between a target and a substrate, it’s 

consists of plasma with an equal number of working gas (Ar) and electrons. The ions 

are accelerated towards to the target by a strong electric field on the target due to the 

flux of electrons. Consequently, the ions hit the target to eject the target atoms, which 

are then re-deposited onto the substrate. RF sputtering is performed at low pressure, to 

increase the mean free path, the distance between collisions, and to improve the quality 

of the deposited film. 

 

2-1.3 Source/Drain deposition 

The metal in source/drain contacts was deposited using thermal evaporator. The 

base pressure of the thermal evaporator is 4×10-6 torr, and 50nm-thick Aluminum (Al) 

is deposited through a shadow mask to form the source and drain contacts. 

 

2-1.4 Post-annealing 

After deposition of the electrodes, post-annealing is carried out in the furnace. The 
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annealing process at 350 oC in nitrogen (N2) furnace for 1hr, the base pressure is 

atmospheric pressure, and the N2 flow rate is 10 liter per minute (L/min). 

 

2-1.5 P3HT capping layer deposition 

The poly(3-hexylthiophene) (P3HT) capping layer from chlorobenzene solution 

(2.5 wt% 2000rpm) was spin coated on the a-IGZO TFT, and baked at 200 oC for 10min. 

The thickness of P3HT layer is 100nm. 

 

2-1.6 Metal capping layer deposition 

The Body metal capping layer on the a-IGZO TFT back channel was deposited 

using thermal evaporator. The base pressure of the thermal evaporator is 4×10-6 torr and 

the thickness of metal capping layer is 50nm. 

 

2-2 Analysis instrument 

2-2.1 Current-Voltage measurement instrument 

In this study, all electrical characteristics were measured by semiconductor 

parameter analyzer (Agilent 4156) at room temperature in ambient air. 

 

2-2.2 Light sources 

There are five different light sources used to irradiate the device in this thesis. The 

white light source comes from light-emitting diode (LED) backlight with a broad 

wavelength range (Fig. 2.3-a). Blue, green, red, infra-red light sources are 

light-emitting diode with photo-energy from 1.5 eV to 2.8 eV (infra-red to blue) and the 

spectrum are shown in (Fig. 2.3-b) . The light source is set up above the device to 
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irradiate the sample from top. The light power is controlled by the power supply 

(PPT3615) and light blink frequency is controlled by function generator (HP811A). All 

the measurement under light illumination with the light intensity = 1.2mW/cm2. 

 

2-3 Methods of device parameters extraction 

In this section, the extractions of the device parameters are discussed in details. 

The field effect mobility, threshold voltage (VTH), turn on voltage (Von), the on/off 

current ratio (Ion/Ioff), the sub-threshold swing (S.S) are extracted and assessed, 

respectively. 

 

2-3.1 Mobility 

    [29] Mobility is a measurement of the velocity of the carrier move through a 

material. A higher mobility allows for higher frequency response such as the time it 

takes for the device to transfer from off state to on state. In the off state, few current 

flows through the device. In the on state, large amount of currents flow through the 

device. A large mobility means the device can conduct more current. The mobility in 

this study was extracted from the saturation region. The device was operated at 

drain-voltage of 20V, since the threshold voltage was much lower than 20V. The 

saturation mobility is determined from the transconductance, define by 

                           gm ൌ ൤பඥID

பVG
൨

VDୀconst
                      (2.1) 

The drift component of drain current is 

                        ID ൌ 1
2
μCox

W
L
ሺVGS െ VTHሻ2                   (2.2) 

When the mobility is determined, the transconductance is usually taken to be 

                            gm ൌ ටWμCox
2L

                               (2.3) 
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When this expression is solved for the mobility, it is known as the saturation mobility 

                           μsat ൌ ቈ2gm
2

W
L Cox

቉
saturation

                          (2.4) 

 

2-3.2 Turn-on voltage (Von) 

  Turn-on voltage (Von) is identified as the gate voltage at which the drain current 

begins to increase in a transfer curve. Von can directly characterizes the gate voltage 

required to fully“turn off＂the transistor in a switching application.  

 

2-3.3 Threshold voltage (Vth) 

    Threshold voltage is related to the operation voltage and power consumptions of 

TFTs. We extract the threshold voltage from equation (2.5), the intercept point of the 

square-root of drain current versus voltage when devices operate in saturation mode 

                            ඥID ൌ ටW
ଶL
µC୓XሺVG െ V୘Hሻ                    (2.5) 

 

2-3.4 Ion/Ioff current ratio 

    The Ion/Ioff (on/off) ratio represents large turn-on current and small off current. It 

is an indicator of how well a device will work as a switch. A large on/off current 

ration means there are enough turn-on current to drive the pixel and low off current to 

maintain in low consumption. 

 

2-3.5 Sub-threshold swing (S.S) 

    Another important characteristic for device application is sub-threshold swing. It is 

a measurement of how rapidly the device switches from off state to on state. Moreover, 
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the sub-threshold swing also represents the interface quality and the defect density [40]. 

                                S ൌ ቂ பVG
பሺlogIDሻ

ቃ
VDୀconst

                          (2-1) 

    If we want to have a better performance TFTs, we need to lower the sub-threshold 

swing. 
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Figure of Chapter 2 

 

 

 

Fig. 2.1 The schematic cross-section of the (a) conventional top-contact 
bottom-gate a-IGZO TFT. (b) P3HT-capped the top-contact bottom-gate 
a-IGZO TFT. (c) metal-capped the top-contact bottom-gate a-IGZO TFT. 

 

 

 

 

(a)

(b)

(c)
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Fig. 2.2 RF-power sputtering deposition system. 
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Fig. 2.3 The photo-energy spectra of (a) white light LED (b) various light LEDs 

(blue, green, red, infra-red) 
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Chapter 3  

Results and Discussions 

 

3-1 Wavelength and electric field dependent photo-response 

on conventional a-IGZO TFT 

Amorphous IGZO thin-film transistor has attracted lots of attention for its possible 

applications on flat, flexible, and transparent display devices. Active matrix liquid 

crystal display (AM-LCD) and active matrix organic light emitting display (AM-OLED) 

using a-IGZO TFT array have been demonstrated [46,47]. Therefore, the 

photo-response to visible light of a-IGZO transistor must be understood. In this section, 

we discuss the photo-response of a-IGZO TFT under illumination with various 

wavelengths and find out that a-IGZO TFT is strongly wavelength and operation mode 

dependent. This study could provide a useful direction for future system design. 

 

3-1.1 Photo-sensibility under illumination with various 

wavelengths 

In this experiment, blue, green, red and infra-red light-emitting diodes (LEDs) are 

used as light sources to discuss the dependence of a-IGZO TFT on light-wavelength. 

Fig 3.1 shows the photo-energy spectra of various color LEDs, the power intensity on 

samples of all LEDs is 1.2mW/cm2.  

Figs 3.2 show the sequent transfer characteristics of conventional a-IGZO TFT 

during 380-sec illumination with various colors. As shown in Figs. 3.2(a) and 3.2(b), 

the transfer curve shift to negative gate bias direction with illumination time when the 
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conventional a-IGZO TFT is irradiated by blue and green LEDs. On the contrary, as 

shown in Figs. 3.2(c) and 3.2(d), the sequent transfer curve shift to positive gate bias 

direction with illumination time when the conventional a-IGZO TFT is irradiated by 

red and infra-red light LEDs. 

The temporal evolution of threshold voltages under various color illumination are 

shown in Fig. 3.3. The polarity and rate of threshold voltage variation are strongly 

dependent on the colors. As regard to the light with lower photon energy (red and 

infra-red), the positively moved threshold voltage attain a saturation value immediately 

after light-on. As regard to the light with higher photon energy (blue and green), the 

negatively moved threshold voltage vary relatively larger and does not achieve the 

saturation in the 380-sec illumination. 

According to the results mentioned above, it was found that even the incident light 

with photo-energy lower than the bandgap of a-IGZO (~3eV), the electric 

characteristics of a-IGZO TFTs is still obviously influenced. Besides, the light-induced 

threshold voltage shifts are possibly caused by the competition between two opposite 

mechanism. One mechanism that dominate in the region of lower photo-energy results 

in positive threshold voltage shift, and the another one that dominate in the region of 

higher photo-energy results in negative threshold voltage shift. 

 

3-1.2 Energy-band diagrams of IGZO based MOS under 

various gate bias 

Since the light-induced threshold voltage shift is possibly caused by two opposite 

mechanism, the polarity of electric field in IGZO film may be the mechanism. Gate 

bias adjusts the fermi-level difference between gate electrode and IGZO body. 

Different polar electric fields enhance trapping in different region. If the electric field 
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is in the direction of gate, the negative charges are trapped at the interface between 

dielectric and IGZO active layer that result in positively moved threshold voltage. If 

the electric field is in the direction of body, negative charges are trapped at body of 

IGZO active layer that result in negatively moved threshold voltage.  

In this experiment, positive and negative bias were applied to the gate terminate 

of a-IGZO TFT. Fig. 3.4 (a) shows energy band diagram under positive gate bias 

(VSD=0V, VGS＞Vfb). When a positive bias is applied, the lowered fermi-level in the 

gate terminate leads to a downward band bending of IGZO active layer near the 

dielectric interface. As shown in Fig. 3.4 (b), the negative gate bias (VSD=0V, VGS＜

Vfb) creates upward band bending in the depletion region of IGZO layer. Then, we 

will discuss the electric field effect on a-IGZO TFT accompanied with various color 

illumination. 

 

3-1.3 Light-induced threshold voltage shift accompanied with 

positive gate bias (VSD=0V, VGS＞Vfb) 

In this section, we discuss the relationship between light-induced threshold 

voltage shift and operation condition. As shown in Figs. 3.5, all the transfer curves shift 

to positive gate voltage direction under various color light illumination when the gate 

voltage lower than flat band voltage are excepted (the transfer curves are probed with 

gate voltage ranging from 1V to 20V ). A spatial energy-band diagram ranging from 

gate to IGZO active layer is used to explain the phenomenon as shown in the Fig. 3.8 

(a). When a positive gate bias is applied, the lowered fermi level in gate electrode leads 

to a downward band bending of IGZO active layer near the gate dielectric. The electric 

field caused by the downward band bending creates trap states. The illuminations 

absorbed by the interface states can promote the electron trapping by provide additional 
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energy. Because the abundant surface states in the band gap, the photons with a wide 

range of photo energy (ranging from 1.5 eV to 2.8 eV) could be effectively absorbed 

and then promote the trapping effect under positive bias stress. On the other hand, an 

illumination with photon energy even much lower than the band gap of IGZO will 

decrease the drain current if the a-IGZO TFT is operated in on-condition (accumulation 

condition). The light induced degradation on current may be effectively suppressed by 

reducing the surface states at the interface between dielectric and active layer of 

a-IGZO transistor. 

 

3-1.4 Light-induced threshold voltage shift accompanied with 

negative gate bias (VSD=0V, VGS＜Vfb) 

On the contrary, it was found that applying a negative gate bias to the device under 

blue and green light illumination can obtain a negatively moved threshold voltage. 

Compare with the result caused by positive gate bias, negative bias causes threshold 

voltage shift in different direction. As shown in Fig. 3.6, the light-response in depletion 

condition is examined by 60-sec negative gate-to-source bias stress (VDS=0V, VGS is 

-20V) accompanied with various color illuminations. The transfer curves shift to 

negative voltage direction after blue and green light illumination accompanied with 

negative gate bias. This phenomenon may be explained by the energy-band diagram in 

Fig. 3.8 (b), the negative gate bias creates upward band bending in the depletion region 

in IGZO active layer The electric field derived from the band bending result in carrier 

trapping. The photons with energy lower than the band gap may be absorbed by the 

sub-band gap states in bulk. The energy originated from the absorbed photons promotes 

the electric field induced charge trapping in the bulk of a-IGZO TFT.  Although the 

active range of wavelength is narrow in depletion condition as compared with the one 
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in accumulation condition, the magnitude of threshold voltage shift is larger. The 

shallow sub-bandgap states in the bulk permit that only the light with photon energy 

larger than the one of green light could improve the trapping action.  

Fig. 3.7 synthesize the results mentioned above in this study, there are two 

mechanisms reasonable for positively shifted threshold voltage and negatively shifted 

threshold voltage under illumination, respectively. The a-IGZO TFT operated in 

accumulation condition induced carrier trapping that could be assisted by illumination.  

Similarly, the a-IGZO TFT operated in depletion condition induced carrier trapping that 

could be assisted by illumination.  

In summary, the illumination with photon energy lower than the band gap of 

a-IGZO could react on the a-IGZO TFTs by promoting both two kinds of carrier 

trapping. 

 

3-1.5 Rapid charge trapping and de-trapping under light 

blink 

Metal oxide is a material with specific characteristic of higher carrier trapping and 

de-trapping rate [48]. Usually, the trapping/de-trapping process comprises two parts, 

one proceeds at high rate and another one proceeds at low rate. Fig. 3.9 shows the 

real-time response to the 1Hz light blink as the a-IGZO TFT turns on (VGS=15V, 

VDS=20V). The result coincide the one mentioned above. All lights with various colors 

are active to the a-IGZO TFT. The real-time variation of drain current of a-IGZO TFT 

indicates the quite fast trapping (light on) and de-trapping (light off) process. As 

regards to a-IGZO TFT, illumination would induce “minus”-photo current because the 

drain current decreases as light is turned on. 
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3-2 P3HT/IGZO hetero-junction 

To enhance the visible light photo-sensitivity of a-IGZO TFT, a simple and novel 

method is proposed to make metal-oxide semiconductor TFT become a visible light 

photo-transistor with high sensitivity and fast response by capping a polymer 

semiconductor thin film, P3HT, with high absorption to visible light onto a 

conventional a-IGZO TFT.  

In this study, the mechanism of dissociation of light generated excitons at 

P3HT/a-IGZO interface should be discussed firstly.  

 

3-2.1 Energy Band diagram of P3HT/ a-IGZO 

hetero-junction 

    As shown in Fig. 3.10, the P3HT/a-IGZO junction is predicted to be a diode 

structure with a fermi level difference of approximately 0.3eV [49,50,51] between 

two terminals. The build-in electric field is predicted to play a role of dissociating 

electron-hole pairs generated by incident photons.   

 

3-2.2 Rectified I-V Curve 

    Fig. 3.11 is the schematic diagram of the diode composed of p-type P3HT and 

n-type a-IGZO. The material of anode and cathode are Au and Al respectively because 

high work function of Au (5.1 eV) and low work function of Al (4.28 eV). The diode 

was fabricated on glass by depositing 50nm-thick Al electrode, 35nm thick a-IGZO 

layer, 100nm-thick P3HT layer and 70nm-thick Au electrode in order, where the 

a-IGZO layer is deposited by rf sputter and P3HT layer is deposited by spin coating. 

Fig. 3.12 demonstrates that the a-IGZO/P3HT junction possess a rectifying 
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characteristic that is similar with the commercial diode. Therefore, a diode 

characteristic of the P3HT/a-IGZO junction could be confirmed. 

 

3-2.3 Measuring the exciton dissociation at P3HT/a-IGZO 

hetero-junction 

In order to understand whether the photo-generated electrons could be inject into 

the a-IGZO side by the build-in electric field in P3HT/IGZO junction or not. A 

photovoltaic measurement was performed to confirm the exciton dissociation at the 

p-n junction. Fig. 3.13 shows the framework for photovoltaic measurement. A 

Nd:YAG laser (λ=266nm) provides a transient illumination with pulse duration of 4 ns 

to pump the electrons in valance band of IGZO or P3HT. The open circuit voltage of 

the P3HT/IGZO diode is probed by an oscilloscope. If the build-in electric field could 

effectively dissociate the photo-generated excitons and then throw the electrons into 

the IGZO side, the oscilloscope will detect a positive voltage signal as shown in Fig. 

Fig. 3.14.   

Fig. 3.15 presents the temporal evolution of the open circuit voltage of 

P3HT/IGZO diode. The laser pulse is emitted at the zero second. Dissociated excitons 

result in an open circuit voltage and then are gradually annihilated with time. The 

maximum voltage of 0.26 eV is attained during the photovoltaic measurement that 

indicates a build-in voltage of at least 0.26eV because the maximum probed voltage in 

theory is equal to the build-in voltage. If the photovoltaic voltage caused by the 

dissociated excitons totally compensates the build-in voltage in diode, there is no 

electric field to further dissociate the excitons. As regard to the P3HT/IGZO diode, 

the full-width-half-maximum (FWHM) of the photovoltaic voltage after laser 

exposure is around 4.1 ms that indicates a limited cut-off frequency of 250 Hz 
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(1/4.1ms).  

Fig. 3.16 (a) show the real-time photo-response measurement system and Figs. 

3.16(b,c) show the real-time photo-responses during an intermittence illumination 

(λ=470nm) with a frequency of 10Hz and 500Hz respectively. An acceptable 

frequency around some hundreds Hz is demonstrated.  

This section demonstrates that the P3HT/IGZO junction could be a photovoltaic 

diode to inject light pumped electrons into the IGZO side. 

 

3-3 Photo-transistor based on P3HT-capped a-IGZO TFT 

Diode is a common employed light sensor due to the simple structure and fast 

response. On the contrary, transistor with three terminals is more complicated. 

However, transistor could provide relatively higher photo-responsivity due to the 

amplifying characteristic. Field effective transistor (FET) is a voltage control 

amplifier.  

In this study, a simple method is proposed to make wide band gap a-IGZO thin 

film transistors become a visible light photo-transistor with high sensitivity and fast 

response by capping a polymer semiconductor film, poly (3-hexylthiophene) (P3HT), 

with high absorption coefficient to visible light onto a conventional top-contact 

bottom-gate a-IGZO TFT. The visible light-induced threshold voltage shift of 

P3HT-capped a-IGZO TFT is regard as an input control signal.  

 

3-3.1 The absorption coefficient spectra of P3HT and a-IGZO 

thin film 

    P3HT is a p-type organic semiconductor with relatively narrow band gap of 2.1 
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eV. The narrow band gap permit the absorption of light with long wavelength locates 

in visible region. According to the optical absorption spectra as shown in Fig. 3.17, 

a-IGZO thin film seems blind in visible light (wavelength longer than 400nm) and 

P3HT could absorb relatively more in visible light (wavelength range from 400nm to 

650nm).  

   In this experiment, white light-emitting diodes (LEDs) were used as light source 

to examinat the visible light sensible photo-transistor based on P3HT-capped a-IGZO 

TFT. Fig 3.18 shows the spectrum of the white LED. The power intensity of white 

LED on the samples is 1.2mW/cm2.   

 

3-3.2 Sequent transfer curves measuring under white light 

Illumination 

Fig. 3.19(a) presents the transfer characteristics of STD device (conventional 

a-IGZO TFT) before and during white light illumination. As the illumination starts a 

series of transfer curves continuously probed in order during 360-sec. Fig. 3.19(b) 

presents the transfer characteristics of P3HT-capped device. In regard to the STD and 

P3HT-capped devices, illumination causes a transfer curve shift in negative gate 

voltage. As compared with the STD device, a significantly transfer curve shift of 

P3HT-capped device was observed under illumination. 

Fig. 3.20 shows the temporal evolution of the threshold voltage shifts of STD 

and P3HT-capped devices. In regard with P3HT-capped device, a relatively evident 

response to white light and more than 6 volt threshold voltage shift was observed. 

Compared to STD device that without P3HT capping layer (threshold voltage shift 

less than 1volt), the proposed structure with low band gap absorption layer (P3HT) 

could significantly improve the sensitivity to white light that corresponds to the result 
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shown in Fig. 3.20. The P3HT layer is a critical component to promote the ability of 

visible light sensing in proposed photo-transistor in this study. The function of P3HT 

layer is not to conduct photo current directly that could be verified by measured 

photo-current (less than 10-8A) of control device without IGZO layer (P3HT TFT) in 

Fig. 3.21 P3HT layer may affect the a-IGZO active layer indirectly by separate 

excitons at P3HT/a-IGZO interface and then induce evident threshold voltage shift of 

P3HT-capped a-IGZO TFT. As shown in Fig. 3.22, the relationship between threshold 

voltage shift and illumination time of both STD and P3HT-capped devices are 

presented together. The threshold voltages were extracted from the transfer 

characteristics probed in saturation condition (VDS=20V, VGS is scanned from -15V to 

20V). P3HT-capped device shows substantial and fast threshold voltage drop during 

white light illumination 20-sec illumination could make threshold voltage shift more 

than 3 Volt. The variation from illumination in electric characteristic of P3HT-capped 

photo-transistor almost belongs to threshold voltage shift by comparing the transfer 

curves probed after various period illuminations as shown in Fig. 3.23. 

 

3-3.3 Significant photo-responsivity of P3HT-capped a-IGZO 

TFT caused by threshold voltage shift 

The photo-responsitivity (Rph) as a function of gate bias of P3HT-capped 

photo-transistor and STD device are demonstrated in Fig. 3.24. Rph is defined by 

Iph/(EWL), where Iph is photocurrent (drain current under illumination minus drain 

current in initially dark condition), E is power intensity of incident light (W/cm2). 

Measurements are taken after 20-sec and 120-sec white light illumination (1.2 

mW/cm2). Rph is strongly dependent on the gate voltage that indicates light-induced 

threshold voltage difference demonstrates the light response of both devices. The 
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photo-responsitivity of P3HT-capped a-IGZO TFT could achieve as high as 4A/W 

after 20-sec illumination. On the contrary, STD device present quite small 

photo-responsitivity. According to the results, P3HT layer plays a critical role in the 

visible light sensibility. P3HT-capped a-IGZO TFT possesses high drain current 

difference before and after illumination at one gate voltage point that satisfy the 

requirement of photo-detector.   

 

3-3.4 Real-time drain-current sampling under light blinked 

illumination. 

As compared to STD device, the transfer of light-induced threshold voltage shift 

caused by exciton separation at P3HT/a-IGZO interface in proposed photo-transistor 

is much fast and evident. The continuous drain current sampling measurements of 

both P3HT-capped photo-transistor and STD device in turn-on conditions (VDS= 1V, 

5V, 10V and 20V, VGS=15V) were performed and presented in Figs. 3.25 (a) and 3.25 

(b). The white light source is blinked with alternate frequency of 1 Hz as shown in Fig 

3.25 (c). The power density of white light on the sample’s surface is 1.2 mW/cm2 

during light-on period. Obviously, the STD device could not follow the variation of 

light source due to the stable threshold voltage under light blink. On the contrary, the 

P3HT-capped photo-transistor performs high real-time sensibility. 20μA drain current 

difference between light and dark period for P3HT-capped photo-transistor in the 

condition with 20V VDS. 20μA variation of drain current indicates about 3 Volt 

threshold voltage vibration amplitude (estimated by the conductance of transfer curve) 

and 5A/W real-time photo-responsibility (1Hz). 

The different light response in this specific condition (VDS=20V, VGS=15V) 

between P3HT-capped photo-transistor and STD device could be explained by the 
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carrier injection from P3HT. For P3HT-capped device, the evident threshold voltage 

shift is possibly resulted from exciton separation at P3HT/IGZO interface. Besides, 

the huge photo-response of P3HT-capped photo-transistor may be resulted from the 

injected electrons that accumulation at back channel to enhance trapping probability 

in depletion region.  

 

3-3.5 The proposed mechanism of light-induced threshold 

voltage  

In this study, P3HT capping layer is employed as the light absorption layer to 

perform light sensing action in photo-transistor. However, narrow band gap is not the 

only requirement for material selection. The interface between IGZO active layer and 

photo-absorption layer is also critical. Interface between IGZO and absorption layer 

must possess adequate ability to dissociate photo-generated exaction and then inject 

electrons into IGZO active layer. p-n junction with build-in electric field is an 

effective structure to dissociate excitons and is generally employed in photo-voltaic 

devices. The interface between p-type P3HT and n-type IGZO may form a p-n diode 

structure with vacuum level difference of 0.3eV as the contact is formed [4,5]. The 

vacuum level difference means an electric field exists with a direction from IGZO to 

P3HT. The function of P3HT layer in photo-transistor is to introduce photo-generated 

electrons into IGZO active layer. The spatial energy-band diagrams of the P3HT 

-capped IGZO photo-transistor under different operation conditions are presented in 

Fig. 3-3.9 (a) and (b). The photo-transistor could be considered one device comprised 

of a field effective transistor and a photo-diode. IGZO layer is employed as both 

active layer in transistor and n-layer in p-n junction, the p-n junction could absorb 

visible light and then affect the body voltage of transistor.  



 

32 

The mechanism of threshold voltage shift induced by illumination is proposed 

and also sketched in Fig. 3.26. Photons of visible light pump the electrons from 

valence band to conduction band in P3HT layer and then drift into the IGZO active 

layer by internally build-in electric field at the interface between IGZO and P3HT 

layers. Then, the P3HT introduced electrons is accumulated at the back channel in 

IGZO layer and result in threshold voltage shift by body effect. In particular, the 

electron accumulation at back channel mainly occurs while a depletion region formed 

along the length between source and drain. In depletion region, an electric field exists 

to make electron accumulation at back channel as shown in Fig. 3.26 (a). On the other 

hand, the threshold voltage will keep unchanging in accumulation condition during 

illumination as shown in Fig. 3.26 (b). The energy band is flat in the bulk of IGZO 

layer.  

To verify the proposed mechanism mentioned above, a series of experiments are 

made to make sure the effect of electric field in bulk of IGZO layer on photo-response.  

First, a 60-sec illumination accompanied with floating electrodes is performed as 

shown in Fig. 3.27 (a). There is no measured light-induced threshold voltage shift as 

shown in Fig. 3.28 (a). In other words, the P3HT-capped a-IGZO TFT would not be 

influenced by illumination if the device doesn’t operate. Second, an 60-sec 

illumination accompanied with positive gate bias stress (VDS=0V, VGS＞0V) is 

performed as shown in Fig. 3.27(b). A channel form along the device length and the 

energy band in the body is flat. There is no measured light-induced threshold voltage 

shift as shown in Fig. 3.28 (b). In other words, the P3HT-capped a-IGZO TFT would 

not be influenced by illumination if there is no electric fields in the back channel even 

the device is turned on. Third, an 60-sec illumination accompanied negative gate bias 

stress (VDS=0V, VGS＜0V) is performed as shown in Fig. 3.27(c). A depletion region 
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appears during the illumination. There is an electric field exists in the body of a-IGZO 

TFT. As shown in Fig. 3.28 (c), a significant light-induced threshold voltage shift 

measured after illumination. The light-induced threshold voltage shift is referred to 

the electron accumulation at the back channel of IGZO active layer and P3HT/IGZO 

junction play a role to introduce electrons. In a word, the depletion region with 

electric field is an area to trap electrons that has been assumed in section 3.1 and the 

P3HT/IGZO hetero junction is used to provide light pumped electrons for trapping.  

According to the result mentioned above, the depletion region is required to 

sense the visible light. The length have to be fully (subject negative gate bias stress, 

VDS= 0V, VGS＜0V) or partially (device is operated in saturation condition, VDS＞

VGS-Vth) depleted (channel is pinched-off by depletion region near drain) to sense the 

light by threshold voltage shift as shown in Fig. 3.29.  

Depletion region is required for P3HT-capped a-IGZO TFT to sense the visible 

light. However, n-channel IGZO TFT must be operated in accumulation condition to 

form an electron channel. Therefore, saturation operation mode (length is partially 

depleted and partially electron-accumulated) is demanded for real-time light sensing 

process. Corresponding to the result shown in Fig. 3.25, the valid real-time light 

sensing performance of the P3HT capped photo-transistor is examined under the 

saturation condition (VGS=15V, VDS=20V ＞VGS －Vth=9V). On the contrary, no 

photo-signal is observed if the device is operated under linear condition (VGS=15V, 

VDS=1V ＜VGS －Vth=9V). Depletion region (electric field exist in IGZO body) in the 

length of P3HT capped photo-transistor is essential for sensing visible light as shown 

in Fig. 3.29 (b). 

The entire sensing procedure possibly comprises three phases. First, excitons are 

generated in P3HT layer by visible light. Second, the excitons are dissociated at 
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P3HT/IGZO hetero-junction by initially build-in electric field and then electrons are 

introduced into IGZO layer. Third, the light introduced electrons are accumulated at 

the back channel of IGZO layer with pinched-off channel. The negative charges 

(comprised of accumulated electrons) at back channel would make threshold voltage 

decreasing. Decreased threshold voltage induced by illumination indicates the higher 

drain current at one gate voltage. 

 

3-4 A novel approach to modify the threshold voltage of     

a-IGZO TFT by capping metallic layer on active layer 

 

3-4.1 Motivation 

    According to the experiment result mentioned above, a 6.1V threshold voltage shift 

of P3HT-capped a-IGZO TFT in the direction of positive gate voltage was observed 

after capping P3HT layer onto the active layer of bottom-gate a-IGZO TFT as shown in 

Fig.3.30. In this section, an energy-band diagram is proposed to explain this 

phenomenon. Fig. 3.31(a) presents that the fermi-level of IGZO and P3HT is different 

before contact. The fermi-level of p-type P3HT semiconductor layer is lower than the 

one in IGZO. During the IGZO and P3HT contacting process, the fermi levels of two 

layers should be adjusted to the same due to both sides of the system must reach 

equilibration as shown in Fig. 3.31(b). During contacting, the electrons in IGZO will 

flow down into P3HT. It is speculated that electric dipoles are formed at the 

P3HT/IGZO junction to bend the vacuum level across two sides. The bended vacuum 

level leads to an equivalent fermi-level across the whole device. The dipoles at the back 

channel of a-IGZO transistor result in an adjusted threshold voltage. Then, we 
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demonstrate that the threshold voltage position of a-IGZO TFT could be effectively 

adjusted by capping layer with various work functions.  

 

3-4.2 Threshold voltage turning by capping metallic layer 

with various work function 

A series of metal layers with various work functions are employed to modulate the 

threshold voltage of a-IGZO TFT in this study. The metal layer with a specific work 

function is capping on the active layer of bottom-gate top-contact IGZO TFT to move 

the threshold voltage in the desired distance. The metal layer is located between two 

contact electrodes with gaps of 150μm. In other words, the 300μm-long length is half 

covered by a metal layer. The transfer characteristics of a-IGZO TFT with and without 

Au layer capping are shown together in Fig. 3.32. A threshold voltage shift of 5.1 volt is 

attained after 70nm-thick Au layer is capped onto a-IGZO TFT. The work function of 

Au is 5.1eV that is larger than the one of a-IGZO, therefore the electrons will flow from 

the a-IGZO to Au to form electrode dipoles. The Au layer depletes the active layer and 

then makes a positively moved threshold voltage that is similar with P3HT. This 

mechanism could be schematically explained by energy-band diagrams in Figs. 3.33. 

The charge re-distribution at the junction between metal and IGZO layers results in a 

body effect on IGZO TFT to modulate the threshold voltage. When dipoles form, the 

dipole induced voltage drop appear across the body. The threshold voltage position is 

positively moved by the body effect with positive source to body bias (VSB>0) while the 

Au is employed. This result demonstrates that the threshold voltage position of a-IGZO 

TFT could be effectively adjusted by capping metal layers with various work functions. 

Fig. 3.34 presents the threshold voltage shifts plotted as a function of work function of 

metal capping layer. The adjustable threshold voltage shift could be ranged from -6V to 
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6V. Table 3.1 lists the typical parameters such as mobility, threshold voltage (VTH), 

threshold voltage shift (ΔVTH), ION/IOFF current ratio, and sub-threshold swing (S.S). 

Besides, the work function of a-IGZO is estimated to be 4.33eV~4.65eV by the 

polarity transfer point of threshold voltage shift is located between Ti (4.33eV) and Cu 

(4.65eV). As shown in Fig. 3.35 and Fig. 3.36, the metal capping method also provides 

a powerful solution to double the mobility without causing current leakage and 

performance degradation. Fig. 3.37 and Fig. 3.38 present the transfer characteristics 

that after capping Ti (4.33eV) layer on the active layer of bottom-gate top-contact 

IGZO TFT, the device performance was significantly improved by capping Ti metal 

layer, an excellent sub-threshold swing value of 0.18 V/decade, threshold voltage of 

1.6 volt, and high IOn/IOff ratio of 5×109, the field-effect mobility was enhanced from 

9.04 to 18.2 cm2/Vs.  

The device mobility improvement is unclear and might be belonged to strain effect. 

In previous research, straining lattice changes the inter-atomic spacing, the associated 

changes in band structure and density of states contribute to mobility improvement in 

transistors [52]. Therefore, this simple and novel method based on metallic capping on 

metal oxide transistor could effectively modulate the threshold voltage position and 

enhance the device performance. 

 

 

 

 

 



 

37 

Figure of Chapter 3 

 

 
Fig. 3.1 The LEDs Photo-energy spectra. 
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Fig. 3.2 The transfer characteristics before and after 380-sec various light 
illumination of conventional a-IGZO TFT (a) Blue light. (b) Green light. (c) 

Red light. (d) Infra-red light. 
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Fig. 3.3 The threshold voltage shift under light illumination with various 

wavelengths light 380-sec. 
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Fig. 3.4 (a) The schematic energy-band diagrams of IGZO based MOS under 
positive bias. (b) The schematic energy-band diagrams of IGZO based MOS 

under negative bias. 

 

(a)

(b)



 

41 

 
 

Fig. 3.5 The transfer characteristics before and after light illumination with 

various light under positive gate bias. (VSD=0V, VGS＞0) 
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Fig. 3.6 The transfer characteristics before and after various light illumination 
accompanied with negative bias. 
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Fig. 3.7 The results of threshold voltage shift with different operation mode 

accompanied with various color illumination. 
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Fig. 3.8 (a) The schematic energy-band diagrams of IGZO based MOS under 
positive bias accompanied with illumination. 

 

 
 

(b) The schematic energy-band diagrams of IGZO based MOS under negative 
bias accompanied with illumination. 
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Fig. 3.9 The continuous drain current sampling measurement of conventional 
a-IGZO TFT under 1Hz various light blink (a) Blue light (b) Green light (c) 

Red light (d) Infra-red light (e) LEDs action frenquency. 
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Fig. 3.10 The schematic band diagram of P3HT/a-IGZO hetero-junction. 

 

 

 
 

Fig. 3.11 The schematic cross-section of P3HT/a-IGZO diode. 
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Fig. 3.12 The rectified I-V curve of (a)Commercial diode. (b)P3HT/IGZO 

diode. 

 

 

 

 

 
Fig. 3.13 The schematics of photovoltaic measurement system. 
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Fig. 3.14 The open circuit voltage measurement of P3HT/IGZO diode 

 

 

 
Fig. 3.15 The transfer characteristics of the open circuit voltage of P3HT/IGZO 

diode. 
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Fig. 3.16 (a) The schematics of real-time photo-response measurement system. 

 

 
Fig. 3.16 (b) The transfer characteristic of photo-response during an 

intermittence illumination(λ=470nm) with a frequency of 10Hz 
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Fig. 3.16 (c) The transfer characteristic of photo-response during an 

intermittence illumination(λ=470nm) with a frequency of 500Hz 
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Fig. 3.17 The absorption coefficient spectra of a-IGZO and P3HT thin film. 

 

 
Fig. 3.18The white light LED photo-energy spectra. 
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Fig. 3.19 The schematic and transfer characteristics before and after 360-sec 
white light illumination of (a) conventional a-IGZO TFT (STD device) (b) 

P3HT capped a-IGZO TFT. 

 

 

-15 -10 -5 0 5 10 15 20

10-10

10-9

10-8

10-7

10-6

10-5

10-4
STD device
White light
Intensity = 1.2 mW/cm2

VD= 20 V

 

 

STD
 Dark

White light
 20sec
 60sec
 80sec
 120sec
 240sec
 360sec

D
ra

in
 C

ur
re

nt
 ( 

A
 )

Gate Voltage ( V )

(a)

-15 -10 -5 0 5 10 15 20
10-10

10-9

10-8

10-7

10-6

10-5

10-4 P3HT-capped device
White light
Intensity = 1.2 mW/cm2

VD= 20V

 

 

P3HT-capped
 Dark

White light
 20sec
 60sec
 80sec
 120sec
 240sec
 360sec

D
ra

in
 C

ur
re

nt
 ( 

A
 )

Gate Voltage ( V )

(b)



 

53 

-25 -20 -15 -10 -5 0 5 10 15 20 25

10-10

10-9

10-8

10-7

10-6

10-5

10-4

 

 

D
ra

in
 C

ur
re

nt
 (A

)
 Standard         ,Dark
 P3HT-capped ,Dark
 Standard         ,Light
 P3HT-Capped,Light

Gate Voltage (V)

White Light 
1.2mW/cm2

120-sec Illumination

W/L= 1000μm/300μm
VD =  20V

 
Fig. 3.20 The transfer characteristics before and after white light illumination 

120-sec of STD device and P3HT-Capped IGZO TFT. 

 
Fig. 3.21 Photocurrent of P3HT-capped a-IGZO TFT and P3HT TFT (control 

device). 
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Fig. 3.22 The threshold voltage shift as a function of illumination time of STD 
device and P3HT capped a-IGZO TFT. 

 
Fig. 3.23 The transfer characteristics of P3HT-capped a-IGZO TFT probed 

after various period illuminations 
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Fig. 3.24 The gate voltage dependent photo-responsivity of STD device and 

P3HT capped a-IGZO TFT. 
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Fig. 3.25 The continuous drain current sampling measurement of (a) 
P3HT-cappeed and (b) STD devices under (c) 1 Hz white light blink. 
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Fig. 3.26 The schematic diagrams to describe the light sensing process. (a) The 

valid condition with depletion region. Whole process comprises exciion 
generation, exciton dissociation, electron injection into IGZO layer, and 

electron accumulation at the back channel with depletion region (electric field 
in bulk). (b) The invalid condition without depletion region. The electrons 

injected from P3HT would dissipate that disable the threshold voltage shift. 
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Fig. 3.27 The schamatic of energy-band diagram under various gate bias 
condition accompanied with white light illumination 60-sec. 
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(c) Depletion (VGS<0V , VDS=0V) 

 

 

 

Fig. 3.28 The transfer characteristic under various gate bias condition 
accompanied with white light illumination 60-sec. 
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(b) Accumulation (VGS>0V , VDS=0V) 

 

 

(c) Depletion (VGS<0V , VDS=0V) 
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Fig. 3.29 The schamatic of energy-band diagram and transfer characterstics 

when device is operated in different condition (a) Linear condition (VD=1V) (b) 
Saturation condition (VD=20V) 
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Fig. 3.30 The schematics and transfer characteristics before and after P3HT layer 

capping onto bottom-gate a-IGZO TFTs. 

 

 
 

Fig. 3.31 The energy-band diagram of IGZO/P3HT (a)before contact (b)after 
contact. 
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Fig. 3.32 The schematics and transfer characteristics before and after Au layer 

capping onto bottom-gate a-IGZO TFTs. 

 

 

 
Fig. 3.33 The energy-band diagrams before and after Au capping layer contact of 

IGZO. 
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Fig. 3.34 The threshold voltage shift as a function of work function of capping 

layer onto bottom-gate a-IGZO TFTs. 

 
Fig. 3.35 Field effective mobility as a function of work function of capping layer 

onto bottom-gate a-IGZO TFTs. 
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Table. 3.1 The parameters of various work function of capping layer onto 

bottom-gate a-IGZO TFTs. 

 

 

Fig. 3.36 The transfer characteristics of Ti-capped bottom-gate a-IGZO TFT. 

 

 

 

 

Work function (eV) ΔVth  (V) Vth  (V) μ (cm
2
/Vs) S.S. (dec./V) On/Off

Ca 2.78 -6.3 -6.5 25.2 (9.11) 0.32 6.1E+07

Al 4.28 -0.4 2.5 18.1 (9.66) 0.21 8.1E+08

Ti 4.33 -0.4 1.6 18.2 (9.04) 0.18 5.0E+09

Cu 4.65 0.4 3.0 17.3 (8.97) 0.23 4.1E+09

Au 5.10 5.5 7.9 22.8 (9.24) 0.27 4.5E+08

-20 -15 -10 -5 0 5 10 15 20 25
10-14

10-12

10-10

10-8

10-6

10-4

 

Gate Voltage (V)

D
ra

in
 C

ur
re

nt
 (A

)

VDS=20V
L/W=300μm/1000μm

After Ti layer capping

0.000

0.005

0.010

0.015

0.020

0.025

Square R
oot of D

rain C
urrent (A

0.5)



 

66 

 

 

Fig. 3.37 The ID-VD curves of Ti-capped bottom-gate a-IGZO TFT. 
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Chapter 4  

Conclusions and Future Work 

 

4-1 Conclusions 

In this thesis, we discuss the photo-response of a-IGZO TFT under illumination 

with various wavelengths and find out that a-IGZO TFT is strongly wavelength and 

operation mode dependent. It is found that even incident light with photo-energy 

lower than the bandgap of a-IGZO, it could also affect the electric characteristic of 

conventional a-IGZO TFTs. Illumination could enhance the stress action under both 

stresses with different polarities. Light-induced carrier trapping during bias stress is 

wavelength dependent that may correspond to the various sub-bandgap states at 

interface or bulk. This work is quite meaningful for further optical application, display 

especially.  

In order to reform the transparent a-IGZO thin film transistor to become a visible 

light photo-sensor with adequate sensitivity, we introduce a narrow bandgap polymer 

semiconductor, P3HT, capping onto the active layer of bottom-gate a-IGZO TFT to 

form a photo-transistor. Compare with conventional a-IGZO TFT, the P3HT-capped 

a-IGZO TFTs possess much higher ability to sense visible light. The high 

photo-responsivity of P3HT-capped a-IGZO TFT was caused by the light-moveable 

threshold voltage. During sensing process of P3HT-capped a-IGZO TFT, the 

mechanism may comprise electron injection at P3HT/IGZO junction and electron 

trapping at back channel in IGZO layer.  

Furthermore, it is found that the threshold voltage position of a-IGZO TFT could 

be effectively adjusted by capping layer with various fermi-levels. By the electric 
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dipoles with various magnitudes and different polarities forming between IGZO back 

channel and capping layer with various fermi-levels, the body voltage could be 

adjusted (body effect) and then affect the device threshold voltage. It seems that, 

capping metal onto metal oxide transistor provides a quite powerful solution to 

significantly enhance mobility and adjust threshold voltage position without causing 

leakage current and performance degradation. 

 

4-2 Future Work 

The developed techniques in this study could provide the leakage current 

suppressing by capping layer even for annealed a-IGZO TFT with high carrier 

concentration and develop the inverter circuit application by a-IGZO TFT with 

tunable threshold voltage. According to the experiment result before-mentioned, 

illumination could enhance the stress action on a-IGZO TFT under both polar bias 

stresses that would restrict the optical application. An appropriate approach to 

suppress the light-response is required. 
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