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Abstract 

 

Material Engineering of Zinc Oxide 

Semiconductor for Solution-processed 

Thin Film Transistors 

 

Si Yun Park 

Program in Nano Science and Technology 

The Graduate School 

Seoul National University 

  

Metal oxide as the active layer of thin film transistors (TFTs) is widely known as 

unique properties such as transparency and flexibility. Various applications and 

designs, such as head-up display for cars, smart windows, display tables, smart 

cards and rollable smart phones are gradually feasible by using metal oxide. For 

next generation display applications, flexible and wide bandgap semiconducting 

materials with controlled carrier concentrations are indispensible. In addition, low-

cost and large-area manufacturing processes are required for flexible devices on a 
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plastic substrate. Switching devices as a driving element in the active matrix 

displays (AM displays) are mostly implanted as TFTs based on ZnO and related 

oxides. Metal oxide semiconductor TFTs are substituting hydrogenated amorphous 

silicon (a-Si:H)-based TFTs in AM displays due to their transparency and superior 

electrical properties such as electron mobility and on/off current ratio. However, 

some noteworthy results have been reported for the low-temperature annealing and 

solution-processibility of ZnO, intrinsic ZnO semiconductors still show relatively 

inferior electron mobility. To address these issues, material engineering of ZnO is 

required for solution-process, doping process and mechanism analysis. 

 First, optimized fabrication method of ZnO thin films was investigated by three 

different zinc oxide sources. Zinc ammine complex is a new precursor for the low-

temperature annealing process due to highly volatile property of ammonia. Direct 

dissolving pristine ZnO into ammonia water is the most efficient method for 

preparing the ZnO semiconductor precursor which was fabricated by three different 

zinc oxide sources. 

 Second, noble doping method for ZnO semiconductors was developed by 

employing alkali metal dopants. Metal oxide alloys including zinc cations, such as 

indium zinc oxide (IZO), indium gallium zinc oxide (IGZO) have excellent 

electrical properties with high field effect mobility. However, use of indium 

remains a significant challenge due to cost and strategic importance. Interstitial 

doping of alkali metal cation increases carrier concentration of ZnO semiconductor 

and affect field effect mobility of TFTs. Li doped ZnO TFTs exhibited excellent 

electrical properties, i.e., a field effect mobility of 7.34 cm
2
/V∙s and an on/off 

current ratio of 10
7
. 

 Third, exact mechanism and a detailed analysis of the alkali metal dopants, 
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especially lithium, were discussed. Alkali metal doped ZnO films were investigated 

for crystallinity, morphology, interface of semiconductor/insulator, optical 

absorption, and chemical composition analysis with various analytic instruments. It 

was proved that alkali metal cation dopants locate at the interstitial site in the 

nanocrystalline ZnO structure and alkali metal dopants increase carrier 

concentrations of ZnO semiconductor. In addition, a spectroscopic analysis for 

optical absorption of alkali metal doped ZnO could be used for monitoring the 

electrical performance without damages.  

 Finally, alkali earth metal dopants were developed for high mobility and solution-

processed ZnO TFTs. Generally, alkali earth metal, especially magnesium (Mg) is 

widely used for a carrier suppressor of zinc interstitial or oxygen vacancies. 

However, both magnesium and calcium locate at the interstitial site and increase 

carrier concentration in aqueous solution-processed ZnO semiconductors. The Ca 

doped ZnO TFTs (0.2 mol%) showed best performance after annealing at 300 ˚C 

and the field effect mobility was 6.02 cm
2
/V∙s and the on/off current ratio was 10

7
. 

 In summary, material engineering of ZnO semiconductor was carried out for TFTs 

of flexible and transparent electronics. Zinc ammine complex is the alternative of 

carbon based ZnO precursor for low-temperature process. Alkali and alkali earth 

metal dopants has potential to achieve high value of field effect mobility in ZnO 

TFTs.  

주요어 : TFTs, ZnO, metal oxide semiconductor, lithium dopant. 

학   번 : 2010-22669 
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Chapter 1. Introduction 

The change of shape is the key issue of progress in display applications from 

cathode ray tube (CRT) TVs to flat panel display (FPD). The issue of transparent 

and flexible displays has been investigated for the next generation of advanced 

display. Numerous application and designs, such as head-up displays (HUD), 

transparent active-matrix (AM) displays in windows or as transparent TVs, 

functional furniture with invisible electronics and augmented-reality devices are 

based on transparency and flexibility. For that, transparent and flexible 

semiconductors with controllable carrier concentrations are indispensable. Oxide 

semiconductor, especially ZnO, is the promising semiconductors which have the 

ability to production prossibility at a low-temperature and solution-process.
1
 ZnO 

have wide band gap (E = 3.3 eV) and intermediate carrier concentration (10
14

–10
18

 

cm
-3

) by alloying with indium and gallium.
2
 

 Solution-process which enables continuous mass production is another key issue 

of low-cost production.
3
 Annealing procedure which induces chemical bonding and 

evaporation of solvent is essential for solution-process. Although thermal energy is 

sufficiently applied to solution-process based on zinc acetate, residual carbons in 

ZnO semiconductor exist and generate the barrier to electron transportation. In 

order to remove these residual carbon completely, high temperature (400 ˚C) 

should be applied, and this restricts the substrate to being a rigid one.
4,5

 In addition, 

indium has been introduced in order to compensate for the poor electrical 

properties of pristine ZnO.
6
 Despite good property of indium, there are significant 

challenges due to high cost. 

 To address these issues, carbon-free ZnO precursors, alkali metal dopants, alkali 
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earth metal dopants were developed for low-temperature, high performance, and 

solution-processed ZnO TFTs.
7,8,9,10

 In chapter 2, review of thin film transistor and 

active matrix display are introduced. This part gives an insight into the crystal 

structure and electrical properties of ZnO and oxide semiconductors. Especially, 

the doping mechanism and the role of defects which affect the performance of 

oxide semiconductor-based electronic devices are presented.  

 In chapter 3, detailed experiments such as procedure of precursor preparation, 

fabrication of TFT, materials, doping method, and analysis tools were described.  

 In chapter 4, zinc ammine complex for low-temperature processed ZnO TFTs was 

proposed by various zinc oxide sources such as ZnO, intrinsic Zn(OH)2, and 

precipitated Zn(OH)2.
7
 To confirm coordination chemistry of zinc ammine complex, 

1
H-NMR spectra was used. The chemical intermediate in ZnO semiconductor films 

was identical irrespective of the type of zinc oxide source in the zinc ammine 

complex precursor. Among three different zinc oxide sources, directly dissolving 

pristine ZnO into ammonia water is the most efficient method for preparing the 

ZnO semiconductor precursor. 

 In chapter 5, alkali metal doped ZnO TFTs were proposed by employing alkali 

metal doping such as Li, Na, K or Rb. Li doped ZnO TFTs exhibited excellent 

device performance with a field effect mobility of 7.3 cm
2
/V∙s and an on/off 

current ratio of more than 10
7
.
8
 These all alkali metal doped ZnO TFTs were 

fabricated at maximum process temperature as low as 300 ˚C, which is compatible 

with flexible plastic substrates. In addition, Li doped ZnO TFTs with high on-

current, low-voltage operation, and excellent operational stability were successfully 

demonstrated using of the ion gel gate dielectrics.  

In chapter 6, the structural, electrical and optical characterizations of Li doped 
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ZnO TFTs were investigated by various analytic instruments, including HR-TEM, 

AFM, XPS, EDS, electrical bias stability test and UV-vis spectroscopy.
9
 A change 

in the optical bandgap of Li doped ZnO films explains a trade-off relationship with 

the field effect mobility of Li doped ZnO TFTs and the doping concentrations. 

 In chapter 7, alkali earth metal dopants were introduced for high field effect 

mobility of TFTs.
10

 Generally, transparent conducting oxide (TCO) materials, such 

as indium oxide and indium zinc oxide, can be transformed as semiconductors of 

TFTs using alkali earth metal dopants as the carrier suppressor. In this result, 

however, Ca doped ZnO TFTs enhanced electrical performance with the field effect 

mobility of 6 cm
2
/V∙s and on/off current ratio of 10

7
. Moreover, the origin of the 

enhancement in electrical properties with alkali earth metal dopants in ZnO 

semiconductor was investigated using XRD, Hall measurement. 

Finally, in chapter 8, the overall conclusion of this dissertation and future work 

for continuation of the research is presented.  
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Chapter 2. Literature review 

2.1 Introduction of thin film transistor 

 Silicon based metal oxide semiconductor field effect transistors (MOSFET) which 

was reported by Atalla and Khang at Bell Labs in 1960 are the most commercially 

used elements of electronics.
1
 The MOSFET is an electrical switch which is 

integrated of billions of transistors in all smart technology such as computers, 

smart phones, and tablets. However, MOSFETs have critical limitation that they 

must be fabricated on a single crystal wafer. Due to the complex manufacturing 

process of single crystalline silicon, MOSFET based electronics have limitation of 

maximum size of devices. 

 Demand on large size of electronics such as flat panel displays (FPD) led to 

invention of thin film transistors (TFTs).
2
 TFTs use thin film of semiconductor as 

an active layer instead of bulk silicon wafer. The significant advantage of TFTs is 

capability which can be deposited at low-temperature, large-area. Replacement of 

silicon wafer enables use of various substrate and shapes including glass and 

plastic.
3
  

MOSFET based on silicon has no optical transparency due to the small bandgap 

(1.4 eV) of silicon. For innovation, industry requires new semiconductor which 

have high electrical properties and optical transparency at visible range. In a search 

of alternatives for amorphous silicon, considerable interest has focused on the wide 

bandgap materials for next generation electronic applications. Metal oxide 

semiconductors have optical transparency at visible region, and have excellent 

electrical properties with high electron mobility, chemical stability, and solution-

processability.
4
 Up to now, technology of TFT has brought electronics from small 
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size devices to fancied devices. Detailed expositions of TFTs will be discussed.  

2.1.1. TFTs 

 A transistor is basically switching device which controls output signal. As shown 

in figure 1.1, there are three terminals (input 1, input 2, and output) in one 

transistor. The transistor will be ‘on’, when the signal of input 1 pass from input 1 

to output. Also, the transistor will be ‘off’, when the signal does not pass from 

input 1 to output. Consequently, input 2 determines whether the switch is ‘on’ or 

‘off’. TFT which act as a switch has five parts such as drain, source, gate, 

semiconductor, and dielectric layer.  

Drain: The drain is an input that is biased at some static bias value. It is called the 

drain because when the transistor is ‘on’ electrons will flow into this electrode. 

 Source: The source is the output electrode. It is called the source because when 

the transistor is ‘on’ electrons flow from this electrode to the drain. The distance 

between source and drain is called the channel length. 

 Semiconductor: The semiconductor is the material which connects the drain and 

source. Semiconductor turned from the insulator to the conductor by induced 

electric field. 

 Gate:  The gate is the second input which applies electric field through dielectric 

layer. Gate controls flow of electrons from the source to drain by biased voltage of 

gate electrode. 

 Dielectric layer: The dielectric layer has two main purposes; one is preventing of 

static charge or dynamic charge injection. The other is inducing dipole moment 

which applies electric field to semiconductors.  

 In figure 1.2, schematic image shows the five parts of TFT. 
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Figure 1.1. Images of transistors. (a) transistor could be thought as a switch. (b) 

symbol used to represent a transistor. 

 

 

Figure 1.2. Schematic image of ZnO thin film transistor. 
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2.1.2. Operation of TFTs 

 In terms of operation, TFTs are quite similar to MOSFET because TFTs are one of 

the field effect transistors. The turn-on of TFTs relies on the modulation of the 

current flowing in a semiconductor between source and drain. Control of electron 

flowing is achieved by the capacitive injection of carrier close to the dielectric 

layer/semiconductor interface. Carrier accumulation is achieved when gate voltage 

is applied higher than the threshold voltage, corresponding to downward band-

banding of the semiconductor close to its interface with the dielectric layer. Depend 

on types of charge carriers, TFTs are classified under two types which are 

determined by existence of electrons or holes in the semiconducting channel; n-

type and p-type.
5
  

MOSFETs use silicon wafer as the substrate and the semiconductor. Remarks of 

MOSFETs are the formation of channel layer. When a positive voltage is applied 

on the gate electrode (n-type), the electric field is applied through dielectric layer 

and creates an ‘inversion layer’. Inversion means that the interface of 

semiconductor/dielectric layer changes to n-type when the substrate is p-type. 

Saturation of drain current is induced by pinch-off which are indicated the lack of 

channel region near the drain electrode.     

Meanwhile, TFTs have no inversion layer because TFT use deposited 

semiconductor and an insulating substrate such as glass and plastic substrate. 

Although MOSFET have high electrical performance due to the high electron 

mobility of single crystal silicon semiconductors, TFTs have advantage such as 

ability of low-temperature process and large-area production.  
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2.1.3. Parameters of TFTs 

 As mention above, increase of current is saturated by pinch-off and different 

operation is divided into two parts, linear and saturation regions.
1
  

 Pre-pinch-off region (linear region): Drain current (ID) is described by equation 

1 at VD<VG-VT, 

ID = CiμFET

W

L
[(VG-VT)VD-

1

2
VD

2 ] (1) 

where Ci is the gate capacitance per unit area, μFET is the field effect mobility, W is 

the channel width and L is the channel length. For very low VD, a quadratic term 

could be neglected. 

 Post-pinch-off region (saturation region): Drain current (ID) is described by 

equation 2 at VD>VG-VT, 

ID = Ciμsat

W

2L
(VG-VT)

2
 (2) 

where μSAT is the saturation mobility. In saturation region, the semiconductor close 

to the drain electrode becomes depleted and increase of drain current is saturated.  

The equations of the ideal operation of TFTs are based on gradual channel 

approximation which was proposed by Shockley. This approximation assumes that 

the voltages vary gradually along the channel from the drain to the source. Also, 

they vary perpendicularly to the channel moving from the gate to the 

semiconductor. The characteristics of TFTs are extracted by their output and 

transfer curves, shown in figure 1.3.a and b, respectively. 

 As shown in output characteristic (figure 1.3.a), VD is swept for proportional VG, 

linear and saturation regimes are clearly assessed. The plateau of output curve at 

saturation regime could be used for evaluation whether the channel of 

semiconductor is fully depleted close to the drain electrode. Flatness of VD-ID curve 
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at saturation region is essential for electronics because TFTs are used as a current 

limiter. 

 Transfer characteristics (figure 1.3.b), where proportional VG is swept for a 

constant VD, can be used for extraction of a large number of quantitative electrical 

parameters. 

 On/off current ratio: This parameter is defined as the ratio of the maximum to 

minimum drain current. On/off current ratio above 10
6
 are commercially required 

in TFTs as electronic switches.
5
 

 Threshold voltage: In n-type TFTs, the devices are classified as enhancement or 

depletion mode, whether the threshold voltage is positive or negative, respectively. 

VT is the minimum gate voltage to induce channel in semiconductor. The threshold 

voltage could be determined using different methodologies, such as linear 

extrapolation of the ID
1/2

-VG plot or GM-MAX method.
6
 However, there is 

ambiguity in the determination of threshold voltage. The idea of turn-on voltage is 

widely used, corresponding to necessary potential to fully turn on the transistor.   

 Subthreshold swing: Subthreshold swing (SS) indicates the minimum voltage to 

increase drain current by on decade.  

S = (
dlog(ID)

dVG

|
max ID

)
-1

  (3) 

Generally, 0.1–0.3 V/dec and small values result in higher speeds and lower power 

consumption. 

 Field effect mobility: Mobility is directly related to the efficiency of carrier 

transport of the active material, affecting maximum drain current and operating 

frequency. In n-type materials, electron mobility of semiconductor is function of 

several factor of mechanism, such as lattice vibration, impurities, and grain 
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boundaries. Moreover, scattering at interface is considered, because transportation 

of electron is restricted to a thin region close to the interface of 

dielectric/semiconductor.  

μ
SAT

 = 
(

d√ID

dVG
)
2

1

2
Ci

W

L

⁄   (4) 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 

 12 

 

Figure 1.3. I-V characteristics of ZnO TFT. (a) output curve. (b) transfer curve. 
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2.1.4. Active matrix display 

 Most common application of TFT is TFT-LCD devices, reducing crosstalk 

between pixels and improving image quality. Active matrix organic light emitting 

diode (AMOLED) display also contains a TFT layer. The use of separated TFT for 

each pixel in the display allows for fast drawing of images without distortion. 

Herein, these driving methods for display will be discussed. There are two methods 

to draw images on display: segment driving (or passive matrix) and matrix driving.  

 The passive matrix driving method is widely used for simple display such as 

watch and calculator which are directly connected to the drivers. The active matrix 

is designed for high resolution displays. Each pixel is individually connected a grid 

of transistors with the ability to hold a charge for a limited period of time. The 

pixel remains active until the next refresh signal due to the ability of TFTs. 

 In TFT-LCD, birefringence of nematic liquid crystal (LC) is generally used for 

control of light. As the electric field from gate electrode is turned on, LC will be 

twisted and light will pass through. The twist structure of the LC causes the 

polarization of the light to rotate by a designed angle, when linearly polarized light 

passes through LC. Conversely, when gate electrode is turned off, light does not 

pass through the cross-polarized plate and it results in a dark image with lighted 

background.  

 In OLED display, there are several advantages such as wide view angle, high 

contrast, and fast response time because OLED is emissive display.
7
 However, an 

OLED is a current-controlled device and current-controlled circuits are very 

difficult to accomplish. As the instability of threshold voltage is the main issue of 

metal oxide TFTs, this is the barrier in implementing an AMOLED for display 
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products.   

 

2.1.5. Alternatives to silicon 

 Single crystalline silicon has an electron mobility of 1417 cm
2
/V∙s due to the 

movement through the conduction band of uniform crystal.
8
 However, amorphous 

silicon has an electron mobility of 1 cm
2
/V∙s because electron transportation 

mechanism is degraded to a disordered matrix.
9
 To compensate the low mobility of 

amorphous silicon, researchers developed re-crystallize method which will recover 

some of its crystal properties. There are several methods of recrystallization and the 

most commercial method is low temperature polysilicon (LTPS) by excimer laser 

annealing (ELA).
10

 Although LTPS is regarded to clear winner in electron mobility, 

stability, and capability of CMOS, complexity of process and high investment and 

high temperature are obstacles for future display. 

 Organic materials have been a topic of research in the two decades and the 

commercialization of OLED in display is completed. Organic TFTs showed the 

advantage of low-temperature and solution-process, and flexible electronics, but 

still suffer from low mobility for p-type TFTs.
11

  

 The oxide semiconductors were derived from the results of transparent conductive 

oxides (TCOs).
4
 Distinctive electrical properties of oxide semiconductor are caused 

by the conduction band minimum (CBM), which works as an electron pathway due 

to the s-orbital overlap when the principle quantum number is higher than 4.
12

 

Since the high-performance n-type indium-gallium-zinc oxide (IGZO) TFTs are 

successfully demonstrated, decade of intense research has established a framework 

according to the contribution of each cations such as In, Sn, Ga, and Zn.  
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2.2 Metal oxide semiconductor 

 In ionic semiconductors, the magnitude of the overlap in orbitals could be 

insensitive to the variation of bond angle because the s-orbitals are isotropic sphere 

shape. Thus, some materials could have high electron mobility in amorphous state 

due to this overlap of orbitals. Hosono et al. found the transparent semiconductor 

oxides constituting of heavy post transition metal cations with an electron 

configuration (n-1)d
10

ns
0
, where n>>5.

13
 In case of crystalline oxide such as ZnO, 

this condition is loosened 4.  

 For using metal oxide as semiconducting layer, there is a critical issue of 

controllability of carrier concentration. Control of carrier concentration of metal 

oxide semiconductor is quite difficult because electron carriers are easily generated 

by oxygen vacancies.
14

 IGZO is widely used composition for control of carrier 

concentration. However, indium has very high price and localized deposit area. In 

this thesis, indium-free ZnO semiconductor by low-temperature process and 

solution-process is focused.  

 

2.2.1. Zinc oxide semiconductor 

Various ZnO TFTs were reported by the optimization of the structure of 

semiconductor, condition of post annealing and control of oxygen pressure.
15,16,17

 

However, the processing temperature or post-annealing process of the 

semiconductor was necessary to obtain high quality of ZnO films. To achieve low-

temperature process, various vacuum techniques such as sputtering, metal organic 

chemical vapor deposition, and atomic layer deposition are developed.
18,19,20,21

 

Although vacuum deposition methods ensure high quality of ZnO films, there are 
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still challenging problems; high cost, complexity of processing. In terms of 

continuous process such as roll-to-roll processing, solution-processed ZnO 

semiconductor have been focused on low-cost continuous process. 

The sol-gel method which uses zinc acetate as precursors is the most widely used 

method for solution-processed ZnO semiconductor.
22

 This method have critical 

defect that they need high annealing temperature because acetate functional group 

have high decomposition temperature. Because of this restriction, intensive 

research has been carried out on the development of precursor with low 

decomposition temperature.
23,24

 

 

2.2.2. Structure and electrical properties of ZnO 

Crystalline structure of ZnO: As mentioned above, the advantages of ZnO over 

amorphous silicon are its own properties which are the higher mobility, 

transparency at visible region, and solution-processibility. ZnO is a group II-VI 

semiconductor with a wide bandgap of 3.437 eV at 2 K and have 

thermodynamically stable structure of wurtzite as seen in figure 1.4.
25

 ZnO films 

generally have polycrystalline structure which have main peak at 36.2 ° and [101] 

phase with miller index. X-ray diffraction is used to investigate crystal structure 

and JCPDS card data of 36-1451 is used for reference data in figure 1.5. In case of 

very thin film such as thickness of 7 nm of ZnO, however, wide angle X-ray 

scattering spectroscopy should be used for measuring the precise data of d-spacing, 

lattice parameter, and intensity data. Ka et al. reported that the crystalline structure 

of ZnO semiconductor films from zinc ammine complex precursors, and they 

investigated crystalline structure with grazing incidence wide angle X-ray 
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scattering spectroscopy.
26

 The polycrystalline ZnO films has mainly the orientation 

of growth in [101] phase. 

Electrical properties of ZnO: Bulk mobility and carrier concentration of ZnO 

with temperature can be seen in figure 1.6.a and 1.6.b.
27

 The electron carriers of 

ZnO are generated both intrinsically and extrinsically. Perfect single crystal 

materials at 0 K could not have carrier electron because all lattice sites are 

occupied. However, carriers could be generated intrinsically at temperature above 0 

K by the thermal activation. Also, oxygen vacancies in the metal oxide 

semiconductor are most well kwon source of defect. This process can be expressed 

by following equation written in Kroger-Vink notation.
4
 

Oo
x

→
1

2
O2 (g)+ VÖ+2e  (5) 

The oxygen vacancy could have three states (VO
0
, VO

+
, and VO

2+
) and each ball and 

stick model of three states is shown in figure 1.7.a, b, and c.
25

 Each state of oxygen 

vacancy has different relaxation energy around atoms and affects stereochemistry. 

In case of VO
0
, the four Zn atoms are relaxed inward by 12 % of the equilibrium 

ZnO matrix. VO
+
 repels Zn atoms outward by 3 % and VO

2+
 repels Zn atoms 

outward by 23 %. These oxygen vacancies induce additional electrons in ZnO 

semiconductor. The carrier concentration of metal oxide semiconductor is inversely 

proportional to the oxygen pressure during deposition or annealing process.  

In addition, metal-oxygen bonds (M-O bonds) are another factor of electrical 

properties of ZnO semiconductor. However, the relation between M-O bonds and 

oxygen vacancies are not clear. For high electrical properties of ZnO 

semiconductor, it is require that the increment of M-O bonds in the ZnO induced 

by the high temperatures sintering.
28

 The high temperature sintering is essential for 
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reducing of the oxygen vacancies that creates potential barrier as the electron trap 

sites, which hinder the free movement of electrons.
29

 In contrast of this elucidation, 

the increase of oxygen vacancies also can enhance the electrical performance of 

devices. The low oxygen contents annealing or deposition methods could create 

oxygen vacancy, which creates a doubly charged oxygen vacancy (VO
2+

) in the 

ZnO crystal structure with two free electrons.
17

 The increment of free electrons 

induced by oxygen vacancies can enhance the carrier transport by enhancement of 

the effective density of states in the conduction band. 

 In the fabrication process, polycrystalline structured binary metal oxide 

semiconductors such as In2O3 and ZnO are generally obtained, which leads to the 

existence of grain boundaries. These grain boundaries induce trapping of electron 

by localized state between the energy gaps. In this case, most of electrons are 

trapped in localized state and small amount of electrons are transported from the 

localized state to the conduction band by thermal energy.
30

 As shown in figure 1.8, 

band tail, mobility edge, and extended states of polycrystalline semiconductor are 

described. The disorder from polycrystalline structure influences the mobility of 

the electrons and holes above the mobility edges which is the separation line of the 

delocalized state and the localized state. Intrinsic mobility of semiconductor is 

expressed as 

μ = 
qτ

m
 = 

qL

mVth
 (6) 

where τ is the scattering time, m is effective mass, L is mean free path and V th is 

the thermal velocity. Assuming the localized states under conduction band are a 

single exponential equation, mobility of polycrystalline (or nanocrystalline) ZnO 

semiconductor can be described as 
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μ
D

 = μ
0

τfree

τfree+τtrap
 = μ

0

Nc

Nc+Ntexp (
ET

 kT
⁄ )

 ≈ μ
0

(
Nc

Nt
) exp (

-ET

kT
)  (7) 

where μD is mobility of disordered semiconductor, τfree is the mean path time of 

conduction band transportation, τtrap is the mean path time of localized state 

transportation, Nc is the effective density of states in the conduction band, and Nt is 

the number of traps.  
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Figure 1.4. Schematic image of wurtzite ZnO structure. 

 

 

Figure 1.5. JCPDS card of 36-1451 data (a) x-axis is d spacing (b) x-axis is 2-theta 

scale. 
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Figure 1.6. (a) hall mobility of bulk ZnO with respect to temperature. (b) hall 

carrier concentration of bulk ZnO with respect to temperature.
27 

 

 

Figure 1.7. Ball and stick model of local atomic relaxations around the oxygen 

vacancy in the ZnO matrix (a) neutral state, (b) +1 charge state, (c) +2 charge 

state.
25 

 

 

Figure 1.8. The density of states distribution near the band edge of a disordered 

semiconductor, showing the localized and extended states separated by the mobility 

edge. 
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2.2.3. Doping mechanism of ZnO 

 To compensate low electron mobility of polycrystalline (or nanocrystalline) ZnO 

semiconductor, doping is the most effective method. The electron mobility is 

defined in equation 6. In order to increase the electron mobility, the mean free path 

time should be increased or the effective mass should be decreased. The effective 

mass is decided by materials, and tau is related to film condition or donors.
31

 

 The group III elements such as B, Al, Ga and In is the most common dopants and 

this dopants are substituted on Zn site. The extra valence electron of the dopants is 

loosely bonded. As temperature rises to room temperature, this electron is excited 

to the conduction band and is free to transport. Especially, indium has been focused 

because indium doped metal oxide has high electron mobility in amorphous 

structure. Indium has large 5 s-orbital which is insensitive to structural deformation 

and forms a continuous conducting path for electron transportation. When an 

external electric field is applied from gate electrode, the electrons flow by the 

hopping through the 5 s-orbitals of indium cations. This conduction mechanism is 

called to percolation conduction. Although indium doped ZnO has high electron 

mobility in amorphous state, the cost of indium has increased rapidly, and even 

more problematic, indium has become increasingly scarce and strategically 

important.  

 Another doping method is the interstitial hydrogen doping. The role of hydrogen 

in the ZnO was recently discovered by the first-principle calculations.
32

 Their 

calculations suggest Hi (hydrogen atom in interstitial site of ZnO) still acts as a 

shallow donor when hydrogen atoms are bonded to transition-metal impurities. 

Although metal oxide semiconductors are treated by extremely controlled growth 
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or annealing process, hydrogen is ubiquitous and can easily be incorporated.
33 

Hydrogen doping is essential to inject of hydrogen gas for reactive diffusion, and 

doping process is somewhat cumbersome.  

To address this issue, alkali and alkali earth metal dopants were developed for 

high-performance and low-temperature process TFTs.
 
These amphoteric dopants 

which could act both a donor and an acceptor were reported in 1960.
34

 The electron 

donor behavior occurs when lithium act as an interstitial impurity. Kolb and 

Laudise reported that introduction of lithium during hydro thermal growth could 

enhance the n-type conductivity.
35

 In this method, post-growth heat treatment is 

necessary to achieve diffusing out of zinc interstitials.  

 In addition, Hosono et al. suggested the possibility of effective n-type doping in 

ZnO through the ion implantation of a cation that has low electron affinity.
13

 When 

group I or II elements occupy the interstitial sites of ZnO matrix, they act as a 

shallow donor, and increase carrier concentration. Lithium in ZnO could occupy 

the interstitial site as well as the substitutional zinc site in the ZnO matrix. 

Equation (8) and (9) explain the Li defect mechanism in ZnO.
36

 

Li→Lii
+
+ e-  (8) 

Li→LiZn+ h
+
  (9) 

 In silicon semiconductor, increased carrier concentration does not cause 

enhancement of electron mobility.
37

 The electron mobility decreased inversely by 

increasing carrier concentration due to impurity scattering effect.
3
 In 

nanocrystalline metal oxide semiconductor, however, carrier concentration affects 

electron mobility because increased electron density raise probability which 

electron could be transport in the extended states. 



 

 24 

 The concentration of electrons in the conduction band is described as 

n0 = ∫ f(E)N(E)dE
∞

EC
  (10) 

where f(E) is Fermi-Dirac distribution and N(E)dE is the density of states in the 

energy range dE.
3
 The conduction band electron concentration (n0) is simply the 

effective density of state at EC time the probability of occupancy at EC.  

n0 = NCf(EC)  (11) 

As shown in figure 1.9.a, alkali metal exists below the conduction band minimum 

(CBM) and acts as a shallow donor. Carrier concentration is calculated from 

density of state (figure 1.9.a) and Fermi-Dirac distribution (figure 1.9.b), and 

increased NC is shown in figure 1.9.c. From the definition of mobility (equation 7), 

μD is the proportional to NC. As a result, alkali metal exists in shallow donor state 

and donates an electron to ZnO matrix and increased carrier concentration 

enhances electron mobility. 
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Figure 1.9. Schematic density of state, Fermi-Dirac distribution, and the carrier 

concentration for intrinsic ZnO and alkali metal doped ZnO. 
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2.2.4. Interface trap of ZnO/dielectric layer 

 Research of metal oxide TFTs has been focused on advancement of the device 

stability for applying to AMLCD or AMOLED displays.
38,39,40

 Highly stable 

devices should have extremely small variation of threshold voltage (Vth) and 

degradation in field effect mobility. It was reported that 0.1 V of threshold voltage 

shift causes 20 % variations of luminance of the OLED pixels and this reflects the 

fact that OLED is current-dependent devices.
41

 In case of TFT-LCD, retaining of 

threshold voltage is necessary as much as maintaining of high mobility during 

prolonged operation.
2
  

 Cross et al. found that positive gate bias stress induces a positive shift in the 

transfer curve, while negative gate bias stress results in a negative shift.
39

 These 

phenomena upon application of a bias stress could be caused by charge trapping at 

the channel/gate insulator interface or charge injection into the bulk dielectric. 

However, devices are recovered initial state after a relaxation (1 hour) with thermal 

energy of room temperature. As the thermal energy of room temperature is too 

small to cause charge injection into bulk dielectric layer, shift of threshold voltage 

could be attributed to charge trapping than charge injection.
7
 

 Kakalios et al. reported the exponential energy distribution of traps, and the 

equation is described as 

exp (
-E

kBT0
⁄ )  (12) 

where kBT0 is the width of the trap distribution.
42

 They extracted trap density from 

amorphous silicon semiconductor and there is quantitative agreement between the 

stretched-exponential fitting parameters and the measured temperature. Density of 
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trap which means dangling bonds in amorphous silicon semiconductor are defined 

as 

nBT = Ndonor-Nd  (13) 

Where nBT is the density of occupied state in the conduction band tail, Nd is related 

to the densities of trap, and Ndonor is the carrier concentration.  

 Jackson established the dependence of the defect kinetics on carrier density.
43

 

Shifts of threshold voltage on capacitors were studied as a function of time, 

temperature, and bias. From the experiments, it was reported that shift of threshold 

voltage could be related to the defect density Nd and the carrier density of 

conduction band nBT. Under bias stress test, the total charge in the semiconductor is 

equivalent to the charge on the gate which was induced by bias gate voltage. 

Equivalently, 

∫ nBT(x,t)dx+ ∫ Nd(x,t)dx = Ci(Vg-Vth)
∞

0

∞

0
  (14) 

where x is the distance from semiconductor/insulator interface, C i is the 

capacitance of the dielectric layer, Vth is the initial threshold voltage. As nBT(x,t) 

and Nd(x,t) are large only within the accumulation region, equation 14 could be 

approximated by 

nBT(t)+ Nd(t) = 
Ci(Vg-Vth)

LD
≈Ni  (15) 

where Ni is the induced charge density be gate bias field. Final equation (15) 

basically states that the change in defect density is proportional to the variation of 

threshold voltage. These results could be used to relate shift of threshold voltage to 

defect densities.
43

 Using analytic approximation, stretched exponential model for 

defect creation was defined as  
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V(t) = 
V(0)-V(∞)

[1+(
t

τc
)

β
]
1/ε +V(∞)  (16) 

where V(0), V(t), V(∞) is the threshold voltage at initial state, time t, and 

equilibrium time. β is the stretched exponential exponent (T/T0) and τ is the 

relaxation time constant. However, this model is based on MOS capacitor and the 

equation should be modified. Wehrspohn et al. reported that threshold voltage shift 

in amorphous silicon TFTs are characterized by the thermalization energy (Eth) for 

different times and temperatures and fitted by modified stretched exponential 

equation.
44

  

∆Vt(Eth) = [Vbias-Vt(0)]∙ [1-
1

{1+exp [
(Eth-EA)

kBT0
]}

2]  (17) 

Vbias is the voltage of bias stress, Eth is the thermalization energy. To a first-order 

approximation after a time t at a temperature T, all possible defect creation sites 

with E<<kT ln(νt) will have converted into defects. A thermalization energy can 

therefore be defined by 

Eth = kTln(νt)  (18) 

where ν is the attempt-to-escape frequency.
45

 In case of poly-Si TFT, frequency is 

10
5
–10

6
 s

-1
.
46
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Chapter 3. Experiments 

3.1 Materials 

 Preparation of ZnO solution: For low-temperature and high-performance ZnO 

semiconductor, zinc ammine complex is used as precursor of ZnO semiconductor. 

Since Meyer et al. reported zinc ammine hydroxo complex as ZnO precursor, three 

methods for preparing zinc ammine complex have been reported.
1,2,3,4

 Other 

methods which use zinc hydroxide or zinc oxide powder as precursors were 

reported. Each preparation methods are following. 

 Precipitation method: 0.5 M zinc nitrate hexahydrate (Zn(NO3)2·6H2O, 

AlfaAesar, 99.9 %) was dissolved in the 15 ml of de-ionized (DI) water. Separately, 

2.5 M sodium hydroxide (NaOH, Duksan Pure Chemicals Co.,Ltd.) was dissolved 

in the 10 ml of DI water. A sodium hydroxide solution (10 ml) is added drop by 

drop to the zinc nitrate solution (15 ml), while stirring at 600 rpm for 10 min. 

White zinc hydroxide was formed by precipitation, and the total solution and 

precipitates was centrifuged four times with DI water at 5000 rpm for 5 min. 

During all four centrifugation processes, Na
+ 

and NO3
- 
were washed away with DI-

water. The final centrifuged zinc hydroxide was dissolved in 20 ml ammonium 

hydroxide (aq) (NH4OH, AlfaAesar, 99.9 %).
1
  

 Direct dissolving of Zn(OH)2: This method is firstly reported by Song et al. 

Solutions (0.1 M) for the ZnO layer were prepared by directly dissolving zinc 

hydroxide (Zn(OH)2, Junsei, 98%) in an aqueous ammonia solution (NH4OH, Alfa 

Aesar, 99.999%), resulting in a solution of pH 13.5. Prior to coating, the 

formulated solution was rigorously stirred for 12 h at room temperature and filtered 

through 0.2 μm membrane filters.
2
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 Direct dissolving of ZnO: Direct dissolving ZnO into ammonia water is reported 

by Theissmann et al. and our group. ZnO solution was prepared by dissolving 

0.001 mole of zinc oxide (Sigma Aldrich, 99.999%) into 12 mL of ammonium 

hydroxide (aq) (NH4OH, Alfa aesar, 99.9%). The as-prepared solution was 

refrigerated for 5 h to increase of the solubility of ZnO. As shown in figure 2.1, the 

pristine ZnO precursor in 12 ml of ammonia water was dissolved well, when the 

as-prepared solution was refrigerated for 5 hours.
3,4

 

 Optimized concentration of zinc ammine complex precursor from ZnO: 

There are previous results using zinc ammine complex for precursors.
1,2,3,4

 

However, they have the different concentration of precursors due to lack of 

experiments for the maximum concentration. We tested Zn(OH)2 and ZnO to 

confirm the maximum concentration of precursors. As shown in figure 2.2, 

Zn(OH)2 have slightly higher maximum concentration of zinc ammine precursor 

and we increased 0.9 mM of zinc ammine complex precursor from ZnO powder.   

Alkali metal dopants: De-ionized water (10 mL) and alkali metal precursors 

(lithium hydroxide, sodium hydroxide, potassium hydroxide, or rubidium 

hydroxide) were added into the ZnO solution. The molar ratios between alkali 

metal hydroxide and ZnO were 1, 3, 5, 10, and 15 mol%.
4
 

 Alkali earth metal dopants: To enhance electrical properties of ZnO TFTs, 0.1 

mL of Mg(OH)2 and Ca(OH)2 solution (Mg(OH)2 powder 0.006 g in 10 mL de-

ionized water and Ca(OH)2 powder 0.007 g, 0.014 g in 10 ml de-ionized water) 

was added to the zinc oxide solution; this resulted in Mg and Ca doped ZnO 

solution. Because of the different solubility in water (0.0014 g/100 mL of 

magnesium hydroxide and 0.173 g/100 mL of calcium hydroxide at 20 ℃), 

magnesium dopant have low doping concentration (0.002 mol%).
5
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Figure 2.1. Photographs of pristine zinc ammine complex precursors which have 

various amounts of ammonia water. When the as-prepared solution was refrigerated 

for 5 hours, the pristine ZnO precursor in 12 ml ammonia water was dissolved 

well.
4 

 

 

Figure 2.2. Photographs of zinc ammine complex precursors from intrinsic zinc 

hydroxide and zinc oxide. The table shows the maximum concentration of zinc 

ammine complex precursors. 
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3.2 Fabrication of TFTs 

A heavily-doped Si wafer with a thermally grown SiO2 layer (thickness 200 nm, 

capacitance 17 nF∙cm
−2

) was used as the gate electrode and the gate dielectric. 

Prior to ZnO deposition, the Si/SiO2 wafer was cleaned with detergent (Micro-90, 

Sigma Aldrich), acetone, and isopropyl alcohol. After depositing a layer of 

pristine/alkali metal doped ZnO film (annealing 300 ˚C on a hot plate during 1 

hour), as described above, Al source/drain electrodes (100 nm) were thermally 

deposited through a shadow mask. The channel length (L) and width (W) were 50 

and 1000 μm, respectively.  

 In addition, ion gel dielectric layer was embedded for low-voltage of operation.
5
 

The ion gel solution including the polystyrene-block-poly(methylmethacrylate)-

block-polystyrene (PS-PMMA-PS) triblock copolymer and 1-ethyl-3-

methylimidazolium bisimide(trifluoromethylsulfonyl) ([EMIM][TFSI]) ionic liquid 

in ethyl acetate at a 0.7:9.3:90 ratio (w/w) was drop-cast onto pristine/doped ZnO 

films with top contact Al source/drain electrodes. The high capacitance of the ion 

gel (5.17 μF∙cm
−2

 at 10 Hz) provided high on-current operation at low-voltage. 

Upon evaporation of ethyl acetate, an ion gel film was formed through a physical 

association of the PS blocks in the ionic liquid. On top of the ion gel film, an Au 

top gate electrode (150 nm) was deposited thermally through a shadow mask. 

 

3.3 Characterization of TFTs 

 Electrical measurements: The current–voltage measurements were executed 

under ambient conditions by an Agilent 4155B semiconductor parameter analyzer. 

To exclude chemical reaction and interface diffusion of oxygen and moisture, bias 
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stability tests were carried out in a vacuum condition (5 mTorr). 

 Thermal energy of electron hopping: For calculation of activation energy of 

carrier transportation, pristine/doped ZnO TFTs on silicon substrates are measured 

within a temperature range of 150-290 K (-123 ˚C – 17 ˚C) using vacuum probe 

station (M5VC, MS TECH) and liquid nitrogen. 

 Bias stress test: A bias test was carried out in vacuum probe station to exclude the 

shift of the threshold voltage and field effect mobility induced by chemical reaction 

and interface diffusion in ZnO semiconductor with ambient oxygen and moisture. 

40 or 50 V of bias voltage depending on the experiments was continuously applied 

for 4500–6000 seconds. Drain voltage was not applied.  

 

3.4 Analysis of ZnO films 

 Metal oxide semiconductor in TFTs have thin films because thickness affects 

many parameters of TFTs such as off current, contact resistance, and field effect 

mobility. ZnO semiconductor layer from zinc ammine complex precursor has very 

thin film of 7 nm due to the low concentration of zinc source in precursor. The only 

problem of zinc ammine complex is the limited solubility of ZnO in ammonia 

water and this problem induces very thin film. As ZnO film has very thin thickness 

of film, X-ray diffraction could not be used. Only grazing incidence wide angle X-

ray scattering (GI-WAXS) could be used to investigate the crystal structure of ZnO 

semiconductor from zinc ammine complex. 

 Cross-sectional high resolution transmission electron microscope (HR-TEM) was 

used for analyzing of ZnO crystal. Also, Fast Fourier Transform Selective Area 

Electron Diffraction (FFT-SAED) patterns are used to analyze crystal structure 
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with various doping concentrations. 

 Chemical composition of ZnO semiconductor which changes the electrical 

properties of semiconductor such as oxygen vacancies and metal-oxygen bonds 

should be investigated. X-ray photoelectron spectroscopy was carried out for 

investigating oxygen binding energy including oxygen vacancies. 

 Most of analysis tools caused degradation of metal oxide semiconductor because 

they require specific sample preparation procedure or secondary electrons from 

high energy sources. Optical analysis with UV-visible spectroscopy is the effective 

method for measuring electrical property using optical bandgap without damage of 

metal oxide semiconductor. Using tauc plot and Burstein-Moss like effect, relation 

between carrier concentration and optical bandgap was studied. 

 

3.4.1. AFM, HR-TEM and FFT-SAED pattern 

The film morphology of the pristine/doped ZnO films was investigated by AFM 

(Digital instruments Nanoscope III). ZnO layer was spin-coated and etched by 

focused ion beam (FIB, NOVA 600, Nanolab). Sample preparation procedure of 

cross-sectional HR-TEM was shown in figure 2.3. For the protection of ZnO film, 

polymethylmethacrylate (PMMA, 10 wt% in toluene) layer was spin-coated. In 

FIB process, ion beam etched vertically and Si, SiO2, ZnO, PMMA, Pt layers were 

evaporated. In the result of etching process with FIB, cross-sectional samples could 

not have the perfect plat surface due to different evaporation ratio and the 

difference of ZnO thickness could be induced. D spacing of pristine/Li doped ZnO 

films were extracted from the image of HR-TEM (JEM-2100F, JEOL).  
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3.4.2. X-ray photoelectron spectroscopy 

 The pristine/Li doped ZnO films were characterized by measurement of X-ray 

Photoemission Spectroscopy (XPS, Sigma Prove, ThermoVG). Al Kα line was 

used for the source and carbon (284.5 eV) was used as the reference for calibration. 

The experimental results of O 1s spectra were coherently fitted by three Gaussian 

components, centered at 529.9 eV, 530.8 eV, and 531.8 eV, respectively.  

 

3.4.3. UV-vis absorption spectroscopy 

 For the optical bandgap, the transmittance of ZnO was measured by a UV-visible 

spectrometer (PerkinElmer, Lambda 35). For the transmittance spectra, the intrinsic 

ZnO film and alkali metal doped ZnO films were spin-coated on quartz substrate. 

The a coefficient can be obtained by modifed equation (19), as follows 

α = 
1

D
ln (

1

T
)  (19) 

D is the film thickness which was measured from cross-sectional HR-TEM images 

and T is the transmittance.
6
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Figure 2.3. Schematic image of sample preparation for Cross-sectional HR-TEM. 
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Chapter 4. Optimization of Zinc Ammine Complex 

Precursors for ZnO TFTs 

4.1 Introduction 

There are the various soft-chemistry routes, most of all, sol-gel procedures were 

successful in the preparation of metal oxides.
1
 As shown in figure 3.1, the sol-gel 

reaction of metal alkoxides involves two main reactions: hydrolysis and 

condensation.
2
 During hydrolysis, oxygen of water shifts nucleophilically position 

of alkoxide group under release of alcohol. In condensation process, reactions 

between two hydroxylated metal species leads to M-O-M bonds under release of 

water or alcohol. In case of ZnO semiconductor preparation, the sol–gel method 

based on alcohol, which uses zinc acetate as precursors, is the most common 

method for solution-processed ZnO semiconductors; however, this method needs a 

high annealing temperature process. High temperature process causes serious 

restrictions in flexible device applications that use common plastic substrates.
3
  

To overcome this limitation, Meyer et al. reported that ammine hydroxo zinc 

complex is a new precursor for the low-temperature annealing process.
4
 In the 

fabrication of ZnO semiconductors, this precursor has several advantages: low-

temperature process, high electrical performance, and solution-process. Other 

methods form preparing a zinc ammine complex using zinc hydroxide or zinc 

oxide powder as precursors for ZnO semiconductors were also reported.
5,6,7

 

Although there are several approaches for using zinc ammine complex for ZnO 

semiconductors, no reports compare directly the performance of the ZnO 

semiconductors fabricated by different zinc oxide sources. In this chapter, we 

characterized respectively the TFT performance of ZnO semiconductors fabricated 
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by the zinc ammine complex made from three different zinc oxide sources. We also 

analyzed the intermediate structure, oxygen vacancy, and crystal structure for ZnO 

semiconductors made from each of the zinc oxide sources using various 

instruments. In our comprehensive study, we found all the similar electrical 

properties in all ZnO TFTs fabricated by the three different zinc oxide sources, 

which were previously reported, and proved that the best way to prepare a zinc 

ammine complex for solution-processed ZnO semiconductor is the simple 

dissolution of pristine ZnO powder in ammonia water. 
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Figure 3.1. Main reactions in the sol-gel process using metal alkoxides.
1
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4.2 Results and discussion 

4.2.1. Zinc ammine complex precursor 

The amphoteric property of ZnO and the weak acidity of the Zn cation provide a 

wide range of solubility.
8
 Meyer et al. first reported the dissolution of Zn salts in 

ammonia water for a ZnO semiconductor precursor.
4
 Despite the good performance 

and process advantages, time-consuming and cumbersome processes for complex 

precipitation steps cause considerable deviations when preparing the precursor, 

which may induce large variation of the electrical performance in ZnO TFTs.
6
 To 

avoid the complicated precipitation reaction, Adamopoulos et al. and Song et al. 

reported intrinsic zinc hydroxide as the zinc oxide source for a zinc ammine 

complex.
5,9

 However, as high purity zinc hydroxide products are not commercially 

available, the low purity of zinc hydroxide may degrade the ZnO semiconductor 

performance. Consequently, zinc hydroxide still has fundamental limitations, such 

as the complexity of the reaction or the unknown impurity of commercial products. 

Hence, directly dissolving ZnO powder in to ammonia water stands out as a 

promising zinc oxide source for a zinc ammine complex due to its one-step 

fabrication process and high purity level.
7,10

 However, there are no comprehensive 

studies for the structural and electrical properties of ZnO semiconductor films 

regarding the type of zinc oxide sources. 

Figure 3.2 shows the chemical reaction of a zinc ammine complex from different 

zinc oxide sources.
11

 Both zinc oxide and zinc hydroxide were transformed into a 

zinc ammine complex by aqueous ammonium ion. However, due to the high pH 

value (pH 11) of ammonia water, the zinc ammine complex was turned into an 

ammine-hydroxo zinc complex.
12

 In the previous papers, zinc intermediates were 
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given various names, such as ammine-hydroxo zinc complex, sol precursor, or ZnO 

precursor solution. These unclear expressions created confusion about the 

intermediate.
13,14

 We referred to the zinc ammine complex as an intermediate for 

escaping confusion. The intermediate is important for low-temperature 

thermodynamics and the rapid kinetic of transformation to ZnO semiconductors. 

We investigated 
1
H-NMR spectra of various zinc ammine complexes and analyzed 

them using deuterium dioxide to confirm the intermediate. The 
1
H-NMR data in 

figure 3.3 were obtained in ppm (δ) from the internal standard and chemical shift 

(multiplicity coupling constant in Hz, integration). The zinc ammine complex made 

from three zinc oxide sources showed only one peak as a singlet, as follows: ZnO 

powder δ = 1.16 (s, 4H): intrinsic Zn(OH)2 δ = 1.15 (s, 4H): precipitated Zn(OH)2 δ 

= 1.17 (s, 4H). We could speculate that the detected peaks around 1.16 ppm show 

the zinc ammine complex proton. From the analysis of the chemical reaction steps 

and the 
1
H-NMR spectra, we could conclude that the same intermediate was 

fabricated irrespective of zinc oxide sources for the zinc ammine complex. 

Although the zinc ammine complex for ZnO was prepared from different zinc 

oxide sources, it had the same ZnO intermediate in the chemical reaction. With 

these results, we could expect that the ZnO semiconductors fabricated from the 

zinc ammine complex show a similar performance irrespective of the different zinc 

oxide sources. 

 

 

 

 

 



 

 47 

 

Figure 3.2. Reaction mechanism of ZnO made from a zinc ammine complex 

prepared with various zinc oxide sources: ZnO powder, intrinsic Zn(OH)2, 

precipitated Zn(OH)2.  
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Figure 3.3. 
1
H-NMR spectra of zinc ammine complex with various zinc oxide 

sources. The 
1
H-NMR data were obtained in ppm (δ) from the internal standard and 

chemical shift. (a) ZnO powder, (b) intrinsic Zn(OH)2, (c) precipitated Zn(OH)2.
11
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4.2.2. TFT performances with different ZnO sources 

 
1
H-NMR data proved our speculation that the same chemical intermediate is 

formed from three different zinc sources. To investigate our speculation specifically, 

we fabricated bottom gate top contact type of ZnO TFTs. In figure 3.4, devices 1, 2, 

and 3 represent TFTs including the ZnO film fabricated with the zinc ammine 

complex prepared with ZnO powder, intrinsic Zn(OH)2, and precipitated Zn(OH)2, 

respectively. Figure 3.4.a, b, and c shows the transfer curves of the ZnO TFTs 

which were fabricated with three zinc oxide sources, respectively. The field effect 

mobility was derived from the transfer curve at the saturation region. Device 1, 2, 

and 3 exhibited the average field effect mobility of 2.9 cm
2
/V∙s, 2.5 cm

2
/V∙s, and 

2.6 cm
2
/V∙s, respectively. The other electrical properties of the ZnO TFTs prepared 

using three zinc oxide sources are shown in figure 3.4.e. The output curves of all 

the ZnO TFTs show n-type behavior irrespective of zinc oxide source in figure 3.5. 

All of ZnO TFTs shows clear saturation region at high drain current. Considering 

the histogram data of the ZnO TFTs in figure 3.5.d, these results reveal that similar 

electrical properties were obtained. In addition, Figure 3.6 shows that the hysteresis 

of the current between the forward and backward gate voltage sweep was 

negligible. The hysteresis experiments were carried out in the vacuum probe station 

in 5 mtorr. A bias stress test (40 V, 6000 s) was also carried out and the curves of 

ΔVth vs. the bias time are shown in figure 3.7. All data show the analogous 

electrical properties. 
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Figure 3.4. (a), (b), and (c) transfer curves of ZnO TFTs made from a zinc ammine 

complex prepared with ZnO powder, intrinsic Zn(OH)2. and precipitated Zn(OH)2, 

respectively. (d) average filed effect mobility of various ZnO TFTs. (e) table of the 

electrical properties of various ZnO TFTs. 
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Figure 3.5. Output characteristic of various ZnO TFTs and the histogram of of 

field effect mobility of various ZnO TFTs as one run at 300 °C. (a) device 1 (ZnO 

powder), (b) device 2 (intrinsic Zn(OH)2), (c) device 3 (precipitated Zn(OH)2) (d) 

histogram data of various ZnO TFTs. 
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Figure 3.6. The hysteresis behavior of various ZnO TFTs with SiO2 gate dielectric. 

(a) device 1 (ZnO powder), (b) device 2 (intrinsic Zn(OH)2), (c) device 3 

(precipitated Zn(OH)2). 
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Figure 3.7. (a), (b), and (c) evolution of the linear transfer curves of various ZnO 

TFTs, as a function of positive bias stress time (40 V, 0–6000 s), (d) relative 

threshold voltage shift (ΔVth) of various ZnO TFTs as a function of stress time. 
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4.2.3. Structural, morphological, and chemical analysis of 

ZnO films 

From the analogous data of 1H-NMR and the electrical properties of ZnO TFTs, 

the same chemical intermediate is formatted irrespective of the three different zinc 

oxide sources and induces electrical properties of the all ZnO TFTs. In this study, 

the three approaches used for fabricating a zinc ammine complex had the same 

chemical intermediates and showed a similar performance. However, the large 

deviation of mobility of device 3 was founded and this variation of devices was 

caused by the limitation of the precipitation method. In precipitated Zn(OH)2 for 

device 3, during the complex reaction process, each process could cause 

contamination resulting in considerable deviation in the step-by-step process. The 

complex and time-consuming processes for synthesis, precipitation, and removing 

residuals of precipitated Zn(OH)2, also made it difficult to maintain the uniformity 

of the process. The complexity may be the limitation of a zinc ammine complex 

made with precipitated Zn(OH)2.  

Figure 3.8.a, b and c shows the AFM images of the ZnO thin films in devices 1, 2 

and 3. The root mean square (RMS) roughness of the ZnO thin film in devices 1, 2, 

and 3 were 0.387 nm, 0.326 nm, and 0.439 nm, respectively. As the change of the 

surface morphology in the ZnO films were too small, any strong correlating was 

not detected with the field effect mobility.
15

 In addition to surface morphology, the 

crystallinity of ZnO semiconductor also affects the electron transport in the active 

layer. With regard to binary oxides such as ZnO, they are easily transformed into a 

polycrystalline structure during a low-temperature annealing process. The electron 

transport mechanism of polycrystalline semiconductors is dominant to the grain 
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boundary effect. Since the hopping of electrons is hindered by the grain boundary, 

which acts as an energy barrier, the grain boundary scattering limits the carrier 

transport and reduces electron mobility.
16

 Figure 3.9.a, b, and c show the high 

resolution transmission electron microscope (HR-TEM) images of the crystal 

structure and grain boundary. The nano-crystalline structure of the ZnO 

semiconductors was observed and thickness of ZnO films was 8 nm, irrespective of 

zinc oxide source. Figure 3.10 shows the fast Fourier transform selected area 

electron diffraction (FFT-SAED) patterns of each of the ZnO films. We could not 

observe any remarkable differences, such as lattice distortions or migrations in the 

all ZnO films based on different zinc oxide sources for the zinc ammine complex. 

Faint scattering was induced by the amorphous dielectric layer. These results 

revealed that the crystal structures, boundary, and morphology of ZnO films were 

similar irrespective of the type of zinc oxide sources. 

Also, the analysis of chemical composition, such as oxygen vacancy and zinc 

oxide bonding, has been conducted to investigate the conduction mechanism of 

ZnO semiconductors.
17

 As mentioned in chapter 2.2.2, oxygen vacancies could be 

the major source of the free electron carriers. The metal oxide semiconductors 

which have disordered structures such as polycrystalline or nanocrystalline 

structures show the field effect mobility depend on a carrier concentration. For this 

reason, we carried out x-ray photoelectron spectroscopy (XPS) and analyzed O 1s 

spectra in XPS. As shown in Figure 3.11.a, b, and c, the experimental O 1s peak of 

each device was coherently fitted by three Gaussian components, centered at 529.9 

eV (OA), 530.8 eV (OB), and 531.8 eV (OC), respectively. The peak at 529.9 eV 

could be assigned to an oxygen ion in the ZnO lattices (OA), and the peak at 530.8 

eV denoted the oxygen vacancies in the ZnO lattices (OB). The peak at 531.8 eV 
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(OC) could be assigned to the oxygen in hydroxide (–OH), which includes the 

absorbed oxygen on the surface of the ZnO films as –CO3, H2O, and O2.
18,19

 In 

general, a good ZnO semiconductor shows a proper ratio between oxygen 

deficiency and metal oxide lattice (or ZnO bonding). Although there are the 

arguments that optimized ratio of M-O bonding and oxygen vacancy, the variation 

of ratio of each ZnO films from three different zinc sources gives a enough 

information of the uniformity of ZnO semiconductor quality.
20

 In our analyses, the 

ratio of integrated area oxygen vacancy and total area in the various ZnO 

semiconductor films was analogous (Figure 3d).
21

 We speculated that the same 

chemical intermediate was formed irrespective of the type of zinc oxide sources 

and the ZnO semiconductor made from the same chemical intermediate showed the 

analogous ratio of oxygen vacancy. Consequently, no difference was found in the 

performance of the solution-processed ZnO TFTs using the zinc ammine complex 

based on various zinc oxide sources. To avoid a time-consuming process, a large 

deviation of mobility, or the limitation of impurity, it is optimal to fabricate a zinc 

ammine complex for solution-processed ZnO TFTs by directly dissolving pure 

ZnO into ammonia water. 
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Figure 3.8. AFM images of various ZnO films made from a zinc ammine complex 

prepared with various zinc oxide sources (ZnO powder, intrinsic Zn(OH)2, and 

precipitated Zn(OH)2) on the SiO2 substrate at the annealing temperature of 300 °C. 

(a), (b), and (c) AFM image of various ZnO films. 
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Figure 3.9. Cross-sectional HR-TEM images of various ZnO films made from a 

zinc ammine complex prepared with various zinc oxide sources (ZnO powder, 

intrinsic Zn(OH)2, and precipitated Zn(OH)2) on the SiO2 substrate at the annealing 

temperature of 300 °C. (a), (b), and (c) HR-TEM image of various ZnO films. 
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Figure 3.10. Images of FFT-SAED patterns of various ZnO films made from zinc 

ammine complex prepared with various zinc oxide sources (ZnO powder, intrinsic 

Zn(OH)2 and precipitated Zn(OH)2) by HR-TEM. (a) ZnO powder, (b) intrinsic 

Zn(OH)2, (c) precipitated Zn(OH)2. 
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Figure 3.11. The O 1s XPS spectrum of various ZnO films made from a zinc 

ammine complex prepared with various zinc oxide sources, (a) ZnO, (b) intrinsic 

Zn(OH)2, (c) precipitated Zn(OH)2. (d) the ratio of integrated area oxygen vacancy 

and total area in the various ZnO semiconductor films 
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Chapter 5. Alkali metal dopants for high-

performance and low-temperature ZnO TFTs 

5.1 Introduction 

Arrays of thin film transistors (TFTs) in next generation displays not only require 

semiconductors with high-performance, but also require them to feature high 

optical transparency, and low-temperature and solution-processability.
1
 

Hydrogenated amorphous silicon (a-Si:H) based TFTs have been used widely as 

the pixel switches in displays which is labeled as active matrix display.
2,3

 However, 

amorphous silicon has relatively low electron mobility (about 1 cm
2
/V∙s) and its 

deposition requires a high-cost vacuum process. More importantly, the poor 

transparency of silicon makes it unsuitable for transparent applications because the 

transparency is one of the key issues for future display technology.
4
 In a search for 

alternatives for amorphous silicon, considerable interests has focused on metal 

oxide semiconductors, such as In, Ga, or Zn oxides, as these exhibit high optical 

transparencies, and have excellent electrical properties with high electron mobility, 

chemical stability, and solution-processability.
5
 For example, ZnO based 

semiconductors have been successfully incorporated into various electronic devices, 

such as electron transfer layers for solar cells, transparent electrodes, energy 

harvesting devices with piezoelectric properties, and channel materials for 

TFTs.
6,7,8,9

 As the electron transporting layer of TFTs, ZnO semiconductors have 

been deposited by various techniques, such as radio frequency magnetron 

sputtering, chemical vapor deposition, and spin-coating followed by a post-

annealing process.
10,11,12

 Although the sputtering and vapor deposition methods 

have ensured high semiconducting properties and reliability, they are both costly 
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and the processing is cumbersome.
13

 On the other hand, solution-processing of 

ZnO allows large-area and low-price manufacturing but compromises the resulting 

relatively low electron mobility.
14

 

Various metal oxides including zinc cation, such as indium zinc oxide (IZO) and 

indium gallium zinc oxide (IGZO), which have good solution-processability at 

relatively low-temperatures, have been applied to compensate for the poor 

electrical performance of pure ZnO.
4,15,16

 In spite of their good performance, there 

remains a significant challenge to the use of IZO or IGZO in electronic devices, 

due to the supply shortage of indium. The cost of indium has increased rapidly to 

the level of a silver price, and even more problematic, indium has become 

increasingly scarce and thus strategically important. The use of various dopants has 

been attempted to create an indium-free ZnO-based semiconductor, however, 

because these methods were based on a sol–gel process with hydrocarbon 

functional groups, they all suffered from residual carbon impurities which hamper 

electron transfer.
17,18,19

 In order to remove the impurities, the only possibility is 

annealing at high temperatures, at least 400 °C, and this restricts the substrate to 

being a rigid one.
20

 Thus, to find an alternative route to improve the carrier 

mobility of solution-processed ZnO under the conditions of being indium-free, 

carbon-free, and processed at a low-temperature is critical. Meyer et al. reported 

previously on a carbon-free method with low-temperature processability and 

compatibility with mechanically flexible substrates.
21

 However, the intrinsic 

electron mobility of ZnO as described in this study is inadequate for use in high 

quality displays. 

To address this issue, we employed alkali metal dopants, focusing particularly on 

lithium and sodium, in order to fabricate solution-processed ZnO TFTs with 
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enhanced the field effect mobility. In addition, we introduced unique aqueous zinc 

ammine complexes (Zn(NH3)4
2+

) with alkali metal hydroxides into the ZnO 

semiconductor synthesis, which made possible the successful creation of carbon-

free ZnO thin films as the active layer of TFT at a maximum process temperature 

as low as 300 °C.
22

 

 

5.2 Results and discussion 

5.2.1. Alkali metal doped ZnO TFTs 

The alkali metal doped ZnO thin films were prepared from mixtures of a zinc 

ammine complex and different alkali metal hydroxides. Different molar ratios (1, 3, 

5, 10, and 15 mol%) of alkali metal hydroxides, such as lithium hydroxide, sodium 

hydroxide, potassium hydroxide, and rubidium hydroxide, were added to the zinc 

ammine complex. The as-prepared solution mixtures were then spin-coated onto 

silicon wafers (SiO2/Si) and were annealed at 300 °C. By annealing at such a 

temperature, the zinc ammine complex transformed easily into ZnO and volatile 

ammonia, and thus ZnO films, which were inherently free from carbon impurities, 

were formed at a relatively low process temperature, in a manner that is adaptable 

for plastic electronics.
23,24

 The thickness of a typical ZnO film was around 7 nm. It 

is to be noted that no significant changes in the film morphology were observed, as 

was confirmed with atomic force microscopy (AFM) in the images of figure 4.1. 

Figure 4.2.a shows typical transfer curves of Li doped ZnO TFTs with different Li 

concentrations, all of which showed typical n-type semiconductor behavior. 

Interestingly, a steady increase in drain current at a fixed gate voltage was observed 

upon applying lithium dopant into ZnO films up to 10 mol%. This demonstrates 
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that Li doping improves electron transport through ZnO. However, introducing a 

greater amount of Li resulted in a decrease in drain current, which implies that Li 

doping of ZnO beyond 10 mol% actually hampers electron transport. For example, 

drain current at a gate voltage of 60 V increased by four times upon the initial 

addition of Li (0–10 mol%) and then decreased upon more being added (15 mol%). 

Such a decrease in current may be caused by creation of charge trap site when a 

significant amount of dopants were added to a ZnO film. Details of Li doping at 

high weight fractions will be discussed in chapter 6. Similarly, the field effect 

mobility of the Li doped ZnO TFTs increased gradually from 1.6 to 7.3 cm
2
/V∙s 

upon the initial addition of Li (0–10 mol%) but then decreased to 2.7 cm
2
/V∙s (15 

mol%) when too much Li was added. These results are summarized in figure 4.2.b.  

The influence of doping on device performance was examined for other alkali 

metal dopants such as Na, K, and Rb. Na doped ZnO TFTs also show the 

analogous tendency of increase of field effect mobility, followed by a decrease in 

field effect mobility. The highest mobility of Li, Na, K, and Rb doped ZnO TFTs 

were 7.3 (10 mol% Li), 5.9 (1 mol% Na), 3.7 (3 mol% K), and 4.3 (1 mol% Rb) 

cm
2
/V∙s, respectively. Figure 5.2.c displays the transfer curves of the different 

alkali metal doped ZnO TFTs, each with the optimum doping concentration that 

yielded the highest field effect mobility. The main parameters of alkali metal doped 

ZnO TFTs were summarized in table 1. All ZnO TFTs with alkali metal dopants 

showed classical behavior of n-type semiconductor in figure 4.3 and clear 

saturation of drain current. 

As shown in figure 4.4.a, the Li doped ZnO TFTs showed excellent device 

operational stability during 40 continuous operations, and no obvious changes were 

observed in the transfer characteristics, the field effect mobility, the turn on voltage, 
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and the on/off current ratio during repeated operations. A negligible hysteresis data 

in figure 4.5.c, d, e is shown in the transfer characteristics of alkali metal doped 

ZnO transistors. All stability issues of Li doped ZnO TFTs were tested in vacuum 

prove station at 5 mtorr. For calculating accurate field effect mobility in saturation 

region, higher drain voltage was applied (VD = 60 V), and the field effect mobility 

increased up to 11.45 cm
2
/V∙s (figure 4.5.a). 

The perfectness of the crystals of the ZnO film requires atomic diffusivity at high 

temperature above 500 °C. In our process, low-temperature (300 °C) has the 

advantage of low-temperature process which enables plastic substrate, but 

crystalline structure is not perfect due to lack of thermal energy. We need to 

investigate improvement of the performance of the alkali metal doped ZnO TFTs 

with at higher temperatures. When alkali metal doped ZnO semiconductors were 

annealed at a higher temperature (500 °C), these TFTs showed enhanced the field 

effect mobility. The results of high annealing temperature process are shown in 

figure 4.5.b and table 2. However, we focused on the lower temperature process 

because of the potential for application to flexible devices when based on a plastic 

substrate. 
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Figure 4.1. AFM images of ZnO films. Root mean square roughness of ZnO films 

were 0.20 nm (Li 1 mol%) , 0.19 nm (Li 3 mol%), 0.22 nm (Li 10 mol%), 0.24 nm 

(Li 15 mol%), and 0.21 nm (pristine ZnO). 
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Figure 4.2. Electrical characteristics of pristine/doped ZnO TFTs with SiO2 gate 

dielectric. The channel length and width were 50 and 1000 μm, respectively. (a) 

transfer characteristics of Li doped ZnO TFTs with different doping concentrations 

(VD = 40 V). (b) field effect mobility of Li and Na doped ZnO TFTs as a function 

of doping concentration. (c) transfer characteristics of the ZnO TFTs based on ZnO 

doped with various alkali metals (10 mol% Li, 1 mol% Na, 3 mol% K, and 1 mol% 

Rb). 
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Figure 4.3. Output characteristics of ZnO TFTs based on (a) pristine, (b) Li doped 

ZnO (Li 10 mol%), (c) Na doped ZnO (Na 1 mol%), (d) K doped ZnO (K 3 mol%), 

(e) Rb doped ZnO (Rb 1 mol%)) with SiO2 gate dielectric. The gate voltage was 

varied between 0 V and 60 V in steps of 12 V. The channel length and width were 

50 and 1000 μm, respectively. 
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Figure 4.4. Operational stability of a Li doped ZnO TFT (Li 10 mol%) and the 

hysteresis behavior of pristine and alkali metal doped ZnO TFTs with SiO2 gate 

dielectric. (a) evolution of transfer characteristics of a Li doped ZnO TFT during 

40 continuous operations. (b) changes in the field effect mobility, turn on voltage, 

and on/off current ratio of a Li doped ZnO TFT during 40 continuous operations (c) 

pristine ZnO, (d) Li doped ZnO (Li 10 mol%), (e) Na doped ZnO (Na 1 mol%). 
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Figure 4.5. (a) transfer characteristics of Li doped ZnO TFTs (Li 10 mol%). A 

maximum field effect mobility was calculated to be 11.45 cm
2
/V∙s at VD = 60 V. (b)  

transfer characteristics of TFTs based on pristine and alkali metal doped ZnO films 

annealed at 500 °C with SiO2 gate dielectric (Li 10 mol%, and Na 1 mol%). The 

channel length and width were 50 and 1000 μm, respectively. 
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Type of TFTs 

Field effect 

mobility 

(cm
2
/V∙s) 

Turn on voltage 

(V) 

On/off current 

ratio 

Pristine ZnO 1.6 -3.6 2.1∙10
5
 

Li doped ZnO 7.3 -23.8 3.5∙10
7
 

Na doped ZnO 5.9 -9.6 6.1∙10
7
 

K doped ZnO 3.7 -18.0 1.0∙10
8
 

Rb doped ZnO 4.3 -21.6 3.6∙10
7
 

Table 1. Field effect mobility, turn on voltage, and on/off current ratio of 

pristine/alkali metal doped ZnO TFTs with 10 mol% of Li, 1 mol% of Na, 3 mal% 

of K, and 1 mol% of Rb. 

 

Type of TFTs Field effect mobility 

(cm
2
/V∙s) 

Turn on voltage (V) 

Pristine ZnO 3.74 -1.48 

Li doped ZnO 15.33 -41 

Na doped ZnO 11.10 -33 

Table 2. Field effect mobility and turn on voltage of TFTs based on pristine and 

alkali metal doped ZnO films annealed at 500 °C with SiO2 gate dielectric (Li 10 

mol%, Na 1 mol%). 



 

 74 

5.2.2. Role of alkali metal dopants in ZnO semiconductor 

The experimental data show the obvious evidences of enhancements in field effect 

mobility by introducing alkali metals into ZnO semiconductors. Janotti et al. 

studied that behavior of lithium dopant could be both donor and acceptor. The 

donor behavior arises when lithium occurs as an interstitial impurity; the acceptor 

behavior is exhibited when lithium substitutes on a Zn site.
25

 Theory predicts that 

Li and Na in the ZnO semiconductor prefer the interstitial sites (electron donor) 

over the substitutional sites (acceptor) and thus alkali metal doping enhances n-

type ZnO.
26

  

In terms of structure of nanocrystalline ZnO, alkali metal dopants could locate 

three position; tetrahedral site, octahedral site, and grain boundaries. The spatial 

distance of each site at the hexagonal close-packed structure could be calculated. In 

case of tetrahedron, rin/RHCP is 0.225 where rin is radius of interstitial site and RHCP 

is the distance between zinc and oxygen. In octahedral site, rin/RHCP is 0.414. In 

figure 4.6, schematic image of each site and calculations are shown. The lattice 

constant of ZnO which have wurzite structure is 3.25 Å  and size of tetrahedral and 

octahedral interstitial site in the ZnO semiconductor is 0.73 Å  and 1.34 Å , 

respectively.  

Ionic size of lithium, sodium, potassium, and rubidium is 0.9 Å , 1.16 Å , 1.52 Å , 

1.66 Å , respectively.
27

 Lithium and sodium cations could locate in octahedral 

interstitial site, but potassium and rubidium cations are larger than all possible 

interstitial sites. Hence lithium could be electron donors at interstitial sites and 

grain boundaries, and potassium and rubidium could locate only in the grain 

boundaries. These results are consistence with theoretical simulation results.
26

 In 
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addition, the presence of shallow donors related to interstitial Li and Na atoms on 

ZnO was demonstrated experimentally by a previous analysis based on electron 

paramagnetic resonance and electron nuclear double resonance experiments.
28

 

Consistent with the calculation by density function theory with local density 

approximation and experimental results, we observed a definite increase in the 

drain current at saturation region and increase in field effect mobility upon 

introducing Li up to 10 mol%. Also a decrease (negative shift) of turn on voltage is 

shown, which is another key signature of n-type doping effect (Figure 4.2.a). To 

further understand the charge transportation in Li doped ZnO semiconductor and 

the cause for the improvement in field effect mobility, the temperature dependency 

of field effect mobility for ZnO TFTs with different Li contents (0, 5, and 10 mol%) 

was examined. Thermal activation energies for carrier hopping in ZnO films with 

different Li estimated from the slopes of the ln μ vs. T
−1

 plots within a temperature 

range of 150–290 K. A lowering of activation energy was observed upon the 

introduction of Li into ZnO in figure 4.7. (0 mol% is 11.85 meV, 5 mol% is 9.53 

meV, 10 mol% is 7.35 meV). Similar results were obtained from p-type doped 

polycrystalline silicon films with different boron concentrations.
29

 

When more than 10 mol% of Li was introduced, threshold voltage shifted 

positively and the field effect mobility decreased. This result also implies that 

adding Li beyond 10 mol% of doping concentration creates a greater number of 

defects in the ZnO films. The detailed experiments and discussions about lithium 

doping effect will be introduced in chapter 6. Furthermore, energy dispersive X-ray 

microanalysis (EDX) was carried out to investigate residual nitrogen atoms from 

ammonia in alkali metal doped ZnO films. We did not observe a nitrogen peak at 

0.392 keV (figure 4.8.). 
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Figure 4.6. Schematic image of tetrahedral and octahedral site of hexagonal close-

packed structure. Site size calculation of each interstitial sites.  
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Figure 4.7. ln μ vs. T
-1

 plots of pristine/Li doped ZnO TFTs with varied doping 

concentrations.  

 

Figure 4.8. EDX results of (a) pristine and (b) Na doped ZnO (Na 1 mol%) films 

annealed at 300 °C . Note that nitrogen doping was not observed in the ZnO films 

utilized in this work. 
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5.2.3. Ion gel dielectric layer for low operation voltage 

 For more practical applications of these solution-processed alkali metal doped 

ZnO TFTs, low operating voltage of the devices is important. The high electrical 

capacitance of gate insulators with a high dielectric constant (k) is essential to drive 

TFTs with a low operating voltage.
30

 Many research groups have conducted studies 

using binary oxides as the gate insulator, including hafnium (Hf), zirconium (Zr), 

and yttrium (Y) based oxides because of their high dielectric constant (k) and wide 

bandgap.
31,32,33

 However, ion gels is the most powerful dielectric materials and 

serve as high capacitance gate dielectrics in TFTs operating.
34

 This can be achieved 

by employing solution-processed gate dielectrics with high capacitance that allows 

inducing a greater number of carriers in a semiconductor channel at low applied 

voltages.
35

 In particular, an ion gel including polystyrene-block-poly(methyl 

methacrylate)-block-polystyrene (PS-PMMA-PS) triblock copolymer and 1-ethyl-

3-methylimidazolium bisimide(trifluoromethylsulfonyl) ([EMIM][TFSI]) ionic 

liquid was employed.
33 

The high capacitance of the ion gel (5.17 μF∙cm
−2

 at 10 Hz) 

provided high on-current operation at low-voltage. Figure 4.9.a shows typical 

output characteristics of the ion gel gated Li doped ZnO TFTs (Li 10 mol%). The 

output curves show reasonable linear and saturation behaviors below 3 V. A high 

saturation current of around 1 mA at VG = 3 V and VD = 2 V was achieved, which 

originated from the high capacitance of the ion gel gate dielectric. Figure 4.9.b 

shows the transfer characteristics at VD of -1 V of the ion gel gated Li doped ZnO 

TFTs. Negligible current hysteresis between forward and reverse VG traces was 

observed. An averaged carrier mobility of 1.6 cm
2
/V∙s was achieved with an on/off 

current ratio of 10
5
 and threshold voltage of 1.2 V (Figure 4.8.d). Note that the 
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slightly lower field effect mobility of the ion gel gated devices, as compared to 

those of the SiO2 gated devices, may be attributable to the relatively rougher 

interfaces between the Li doped ZnO active layer and the ion gel gate dielectrics.  

The operational stability of transistors is another important requirement for 

practical applications. Figure 4.10.a shows the evolution of the linear transfer 

curves of an ion gel gated Li doped ZnO TFT. A sustained gate voltage of 1 V was 

applied over a period of 90 min. Remarkably, the shift of threshold voltage was 

very small. The field effect mobility, turn on voltage, and on/off current ratio were 

also monitored (Figure 4.10.b). The changes in each electrical parameter were 

within 20 %. Dynamic stress tests were also performed in which the ion gel gated 

Li doped ZnO TFTs were cycled continuously between on (VG = –1 V) and off 

states (VG = 3 V) at 0.2 Hz (Figure 4.9.c). An on/off current ratio of 10
5
 was 

invariant even during 15000 continuous operations, corresponding to more than 20 

h. These results confirmed the excellent operational stability of Li doped ZnO TFTs. 

A simple resistor loaded inverter, with a 100 kΩ resistor connected, was 

fabricated with ion gel gated Li doped ZnO TFTs. An ideal inverter action with 

small hysteresis was observed where the output voltage was switched between 1 

and 0 V as the input gate voltage was swept. The gain (δVout/δVin) of the device 

was around 2.3, implying that these gates can be used to switch subsequent stages 

in more complex logic circuits (Figure 4.9.c). 
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Figure 4.9. Electrical properties of ion gel gated Li doped ZnO TFTs (10 mol% Li). 

(a) output and (b) transfer characteristics of an ion gel gated Li doped ZnO TFT (10 

mol% Li). (c) static behavior of a resistor-loaded inverter with a Li doped ZnO 

TFT (10 mol% Li). (d) histogram of field effect mobility, turn on voltage, and 

on/off current ratio of ion gel gated Li doped ZnO TFTs. 
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Figure 4.10. Operational stability of an ion gel gated Li doped ZnO TFT (Li 10 

mol%). (a) evolution of the linear transfer curves of an ion gel gated Li doped ZnO 

TFT. The gate bias during stress was 1 V. (b) changes in field effect mobility, turn 

on voltage, and on/off current ratio during 20 continuous operations. (c) dynamic 

stress test of an ion gel gated Li doped ZnO TFT during continuous cycling 

between ON (VG = -1 V) and OFF states (VG = 3 V) at 0.2 Hz. 
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Chapter 6. Characterization of alkali metal doped 

ZnO TFTs with various analytic tools 

6.1 Introduction 

Transparency and flexibility are new terms of innovation associated with 

advanced display applications such as head-up displays for cars, smart windows, 

display tables, smart cards and rollable smart phones. Hence, thin film transistors 

(TFTs) as a driving element in devices that utilize an active matrix display require 

not only semiconductors that are capable of high level of performance but also 

unique materials properties such as transparency. Advanced process conditions are 

required, such as a low-temperature sintering for flexible devices on a plastic 

substrate and solution-processiblity for low-cost and large-area manufacturing.
1
 

TFTs based on metal oxide semiconductors, such as In, Ga and Zn oxides, have 

garnered a considerable amount of interest owing to their valuable performance 

characteristics, such as their high electron mobility and large on/off current ratio, as 

compared to other semiconductors.
2
 As metal oxide semiconductors has a wide 

bandgap with a large exciton binding energy, they have a good transmittance and 

quite a stability in air.
3,4

 Using these outstanding characteristics, TFTs based on 

metal oxide semiconductors are now excellent candidates for switching devices in 

next generation displays. To apply metal oxide for the semiconductor in a TFT, 

metal oxide semiconductors have been deposited as the films on substrates using 

various vacuum techniques, such as pulsed laser deposition (PLD), radio frequency 

(RF) sputtering, metal organic chemical vapor deposition (MOCVD) and atomic 

layer deposition (ALD), all of which ensured outstanding electrical 
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performance.
5,6,7,8

 Fortunato et al. reported that amorphous indium zinc oxide (IZO) 

TFTs fabricated by RF sputtering showed an excellent field effect mobility, which 

was better than that of conventional amorphous silicon TFTs by one hundred times 

or even better than the performance of general polycrystalline silicon TFTs.
9
 The 

flexible TFTs with high field effect mobility of 7 cm
2
/V∙s were successfully 

demonstrated using amorphous In-Ga-Zn-O (indium gallium zinc oxide, IGZO) 

semiconductors fabricated by PLD.
10

 As the field electron mobility for applications 

of display devices such as OLEDs requires over 5 cm
2
/V∙s, metal oxide TFTs have 

good potential for use as switching devices in advanced displays.
11

 Despite these 

remarkable electrical features, batch-type vacuum deposition processes such as 

PLD, RF sputtering, MOCVD and ALD continue to have fundamental problems 

that they require high facility investment levels. Solution-processibility in ambient 

conditions is essential for an advanced device fabrication process to achieve low-

cost and large-area manufacturing. For application to flexible devices, a low-

temperature process is an important issue. In addition to these requirements, the 

prerequisite of indium, which is scarce but a strategically important material, is a 

challenge to be solved. Solution-processes such as drop-cast, spin-cast, ink-jet 

printing processes can be applied with soluble metal oxide precursors or 

nanoparticles dispersed in a solvent.
12,13

  

In general, metal oxide semiconductor TFTs based on ZnO have been exhibited 

field effect mobility values ranging from 0.2 to 50 cm
2
/V∙s depending on various 

process conditions, such as the deposition method, sintering temperature for 

crystallinity of the semiconductor and the interface control between the 

semiconductor and the insulator.
14,15,16

 Single-crystalline ZnO semiconductor films 

are most favorable for TFTs capable of high electrical performance. However, to 
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obtain high-quality single-crystalline ZnO films, a template substrate such as 

single-crystal (111) yttria-stabilized zirconia is essential to grow epitaxial ZnO thin 

layers, and they require a very high growth temperature (700 °C).
17

 Also, these 

single-crystalline ZnO semiconductors require a high-cost vacuum process such as 

MOCVD or PLD. These process conditions have seriously undetermined the good 

potential of metal oxide TFTs.  

To extend the potential of ZnO TFTs into advanced displays, ZnO semiconductors 

require not only high electrical performance but also a low-temperature and 

solution-processible approach. Several previous reports have introduced 

polycrystalline ZnO TFTs through a low-temperature, solution-based process.
13,16

 

Meyer et al. reported stable precursor inks based on zinc ammine complex. These 

were transformed to polycrystalline ZnO for active layers of TFTs after annealing 

at a very low-temperature of 150 °C, and showed a field effect mobility of 0.4 

cm
2
/V∙s.

13
 Recently, we reported the ZnO semiconductor precursors for active 

channel of transistors, which based on an zinc ammine complex, without time-

consuming purification steps and with a low annealing temperature as maximum as 

300 °C, and demonstrated the unconventional patterning technique for TFTs array 

using this ZnO semiconductor precursor.
18,19

 Although some noteworthy results 

have been reported for the low-temperature annealing and solution-processibility, 

intrinsic ZnO ink still shows relatively inferior electron mobility.
20

 This drawback 

is not good enough to meet the demands of advanced displays, considerable 

attention has been paid to various dopants to enhance the electrical performance, 

such as the electron mobility, on/off current ratio and reliability. To enhance the 

electrical performance, various metal-alloy zinc oxides such as IZO and IGZO, 

which are still solution-processible, have been reported to compensate for the poor 
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electrical performance of intrinsic ZnO semiconductors.
21,22

 Although devices 

based on these metal-alloy oxide zinc semiconductors have shown good electrical 

performance capabilities, the massive use of indium (In) as a dopant causes some 

problems, which is becoming expensive and strategically important. 

 To address these issues, we previously introduced alkali metal dopants, 

particularly focused on lithium (Li) and sodium (Na), to fabricate the low-

temperature and solution-processed ZnO TFTs with remarkably enhanced the field 

effect mobility and on/off current ratio.
18

 The alkali metal doped TFTs not only 

showed excellent performance but also allowed the rare and expensive indium (In) 

element to be omitted. However, the exact mechanism and a detailed analysis of 

the alkali metal doping effects remain unavailable, which has undermined the good 

potential of alkali metal doped metal oxide TFTs. Herein, we discussed the alkali 

metal doping effects on ZnO semiconductors in terms of its crystallinity, 

morphology, interface charge trapping, optical bandgap, XPS analysis and so on. In 

addition, we proved that alkali metals locate at the interstitial sites in the 

polycrystalline ZnO matrix and newly suggested that the enhancement of the field 

effect mobility of alkali metal-doped ZnO TFTs can be successfully explained in 

terms of changes in the optical properties using a spectroscopic analysis. 

 

6.2 Results and discussion  

6.2.1 Structure and morphology of alkali metal doped ZnO 

films 

Figure 5.1 shows cross-section HR-TEM images of Li doped ZnO films with 

various doping concentrations (Li, 0 mol%–15 mol%). The inset image in figure 
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5.1.c. shows crystalline patterns of Fast-Fourier-Transform-Selected-Area-

Electron-Diffraction (FFT-SAED), and shows that Li doped ZnO films have a 

nanocrystalline structure. In the image of the SAED pattern, although there was 

faint scattering induced by an amorphous SiO2 dielectric layer, we could not 

observe accurate information about the crystalline structure of ZnO semiconductor 

films with various doping concentration. 

 ZnO crystalline structures could be analyzed by various methods such as XRD 

and SAED pattern analysis. However, ZnO films from zinc ammine complex 

precursor have very thin thickness about 7 nm, and this thickness restrict the use of 

general XRD equipment. Grazing incidence wide angle X-ray spectroscopy (GI-

WAXS) is the only option to investigate crystalline structure of thin films. WAXS 

employs the synchrotron radiation as the energy source, and this equipment has 

limitation of use. The last method for the crystal structure of ZnO is the direct 

measurement of lattice parameter in the image of HR-TEM. Figure 5.2 shows 

lattice parameters of pristine ZnO films on SiO2 wafer. The average of lattice 

parameter of [101] phase was calculated by three different locations in one ZnO 

sample because [101] phase in ZnO films is easily distinct. It was reported that 

[101] phase is the majority of nanocrystalline structure of ZnO from zinc ammine 

complex precursor.
23

  

 As shown in figure 5.2.a, b, and c, pristine ZnO has the average lattice parameter 

of 2.47 Å  in [101] phase of ZnO. The reference lattice parameter of [101] phase is 

2.4759 Å .
24

 10 mol% of Li doped ZnO and 15 mol% of Li doped ZnO have the 

average lattice parameters of 2.48 Å  and 2.14 Å , respectively (figure 5.2.d, e, f and 

figure 5.2.g, h). The difference of lattice parameter of pristine ZnO and 10 mol% of 

Li doped ZnO was 0.4 % (0.01 Å ). This extra small variation is the value within 
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error range. When more than 10 mol% of Li was introduced, however, the 

difference of lattice parameter of pristine ZnO and 15 mol% of Li doped ZnO was 

13.3 % (0.32 Å ). This difference of lattice parameter could be the result of lattice 

distortion by various alloyed materials such as Li2O, Li2O2, LiZnO, and LiOH. 

However, it was impossible to trace the exact composition or crystal structure of 

the alloyed materials due to the collapse of the main structure of ZnO. From the 

comparison of lattice parameters of ZnO films with various lithium doping 

concentrations, interstitial doing is induced up to 10 mol% doping concentration 

and there is no lattice distortion by impurity doping. However, high doping 

concentration (15 mol%) induced substitutional doping and cause collapse of ZnO 

crystalline structure.   

Figure 5.3 shows the surface morphology changes in ZnO semiconductor films 

using Atomic Force Microscope (AFM) at various Li doping concentrations. The 

values of the root mean square (RMS) roughness were 0.429 nm (pristine ZnO 

film), 0.565 nm (Li doped ZnO film with Li 1 mol%), 0.582 nm (Li doped ZnO 

film with Li 10 mol%), and 0.587 nm (Li doped ZnO film with Li 15 mol%). As 

the changes of the grain size or surface morphology in various ZnO films were too 

small, there did not seem to be any strong correlation with the enhancement in the 

electron mobility.
17

 The changes of the surface morphology and grain size could 

not be used to explain the variance in the electron mobility of ZnO TFTs depending 

on the alkali metal doping concentration, as remarkable changes in the ZnO 

morphology were not detected in the nanocrystalline ZnO structure after the 

addition of alkali metal dopants.
25
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Figure 5.1. Cross-sectional HR-TEM images of Li doped ZnO films on the SiO2 

substrate at annealing temperature 300 °C. (a) pristine ZnO film, (b) Li doped ZnO 

film with 1 mol%, (c) Li doped ZnO film with 10 mol% (the inset shows FFT-

SAED patterns), (d) Li doped ZnO film with 15 mol%. 
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Figure 5.2. Cross-sectional HR-TEM images of ZnO films with various Li doping 

concentration (0–15 mol%) and images of lattice parameter calculation.  
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Figure 5.3. Atomic force microscopy (AFM) images of Li doped ZnO films. The 

root mean square (RMS) roughness values of ZnO films were 0.429 nm (pristine 

ZnO), 0.565 nm (Li 1 mol%), 0.587 nm (Li 10 mol%), and 0.524 nm (Li 15 mol%). 
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6.2.2 Interface trap of alkali metal doped ZnO films 

For the TFTs used in advanced displays such as active matrix OLEDs, a highly 

stable threshold voltage, ∆Vth, and no degradation of the field effect mobility 

during repeated operations are essential. Because active matrix OLEDs are a 

current-dependence device, the TFTs should work at a constant ∆Vth.
26

 Preventing 

threshold voltage shifts and maintaining high values of field effect mobility are 

critical issues in metal oxide TFTs when they are used as pixel switches in display 

applications. In general, the shift of the threshold voltage and field effect mobility 

during bias stress comes from defects in the semiconductor layer or trap in the 

interface between the semiconductor and the dielectric layer.
27

 As mention in 

chapter 2.3, this shift upon application of a bias stress could be caused by charge 

trapping at the channel/gate insulator interface. Through an investigation of the 

bias stability of ZnO TFTs, the charge trapping sites in the ZnO matrix or interface 

charge trapping between the ZnO semiconductor and dielectric layers could be 

elucidated. In our experiments, variables are lithium doping concentration and the 

same silicon oxide dielectric layer was used. We assume that the effect of bulk 

traps in same dielectric layer is irrelevant. To exclude the shift of the threshold 

voltage and field effect mobility induced by chemical reaction and interface 

diffusion in ZnO semiconductors with ambient oxygen or moisture, bias stability 

tests were carried out in a vacuum condition.
28

  

Figure 5.4.a and b shows the positive shift of the transfer curves of pristine ZnO 

and 10 mol% Li doped ZnO TFTs depending on the operation time under positive 

bias stress. A strong gate bias (VG) of 50 V was continuously applied under vacuum 

conditions for 6,000 seconds. The relative threshold voltage shifts (ΔVth) of TFTs 
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fabricated with a ZnO semiconductor including Li 10 mol% and a pristine ZnO 

semiconductor as a reference are summarized in figure 5.4.a and b respectively. 

Remarkably, the threshold voltage shift in the Li doped ZnO TFTs (∆Vth = 1.67 V) 

was much smaller than that in the pristine ZnO TFTs (∆Vth = 6.24 V). The 

improvement of ΔVth could be understood in terms of the decrease in the interface 

defects induced form the Li doping in the ZnO matrix. In general, as solution-

processed ZnO films have considerable numbers of intrinsic defects in spite of the 

completeness of the chemical reactions, pristine ZnO TFTs show a slight instability 

in their ΔVth values. Otherwise, at the optimized doping of Li (10 mol%), the 

charge trapping sites in the ZnO matrix or the interfaces between the ZnO 

semiconductors and the dielectric layers were reduced by the efficient 

compensation of traps with Li interstitial doping. Previously, we reported an 

enhancement of the charge transport in a Li doped ZnO semiconductor using an 

observation of the thermal activation energy of carrier hopping.
18

 These results 

indicate that the charge trapping sites in the ZnO matrix can be reduced by Li 

doping in ZnO semiconductors. Furthermore, we think that the highly stable 

operation of Li doped ZnO TFTs is attributed to the effectual offsetting of the 

interface traps with Li doping. The electrical stability of ZnO TFTs was quantified 

by the modeling of the threshold voltage shift using the stretched exponential 

equation, as 

∆Vth

∆V0
 = 

Vth-Vth.initial 

VG-Vth.initial
 = 1-

1

{1+exp[
(Eth-EA)

kBT0
]}

1

(α-1)

   (1) 

Vth,initial is the initial threshold voltage, EA is the typical activation energy for trap 

creation, kBT0 is the slope of the activation energy distribution, and α is a constant. 

Eth corresponds to the thermalization energy, defined by  
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Eth = kBTln(νt)  (2) 

here, kB, ν, T and t are the Boltzmann constant, the attempt-to-escape frequency, 

the temperature and the bias stress time, respectively. All possible defect-creation 

sites with EA<kTln(νt) will then have converted into defects after a time t at a 

temperature kT. The curves of ΔVth vs. the operation time in figure 5.4.c 

successfully show the saturation of ΔVth, which is a prerequisite of equation (1).
29

 

Also, as the pristine and Li doped ZnO TFTs in this approach have negligible 

hysteresis, we successfully calculated EA and kBT0 from the fitting parameters (EA, 

kBT0, ν, and α) in figure 5.4.d. The calculated parameters of ν and α were 1×10
5
 Hz 

and 1.5, respectively.
30

 These values were acceptable and reasonable, considering 

previously reported values.
31

 The parameters related to the activation energy, i.e., 

EA and kBT0, varied depending on the Li dopant concentration, as summarized in 

Table 1. As a high activation energy for trap creation, EA, in a semiconductor 

induces stable operation and a small value of ΔVth when the device operates, Li 

doping could efficiently improve the electrical stability of ZnO TFTs.
29

 We think 

that the drop of ΔVth values in Li doped ZnO TFTs (Li 10 mol%) are attributed to 

interstitial doping of Li in the nanocrystalline ZnO structure. 
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Figure 5.4. (a) evolution of the transfer curves of pristine ZnO TFTs, as a function 

of bias stress time (0–6000 s). (b) evolution of the transfer curves of Li doped ZnO 

TFTs (10 mol%), as a function of bias stress time (0–6000 s). (c) relative threshold 

voltage shift (ΔVth) of Li doped ZnO TFTs (10 mol%) as a function of stress time. 

(d) plot of ΔVth/V0 vs. bias stress time for the pristine and Li doped ZnO (10 mol%) 

TFTs. The solid curves were fit to a stretched exponential equation. 

 

Fitting parameter Pristine ZnO Li ZnO (10 mol%) 

EA (eV) 0.679 (± 0.013) 0.772 (± 0.018) 

KBT0 (eV) 0.075 (± 0.006) 0.082 (± 0.005) 

Table 3. EA and kBT0 of pristine and Li doped ZnO TFTs (10 mol%). 
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6.2.3 Relation between doping concentration and mobility 

Zinc oxide has the unique characteristic in which the injection of electron carriers 

can be achieved by chemical doping. In conventional crystalline materials such as 

silicon semiconductors, substitutional doping is a conventional phenomenon which 

serves to enhance the semiconductor properties from their intrinsic levels. However, 

in the ZnO semiconductor, as zinc ions have strong ionic bonding with oxygen and 

bonding has flexibility in coordination structure, the doping mechanism is 

somewhat more complex than that of a conventional Si semiconductor. A p-type 

semiconductor property can be obtained when a considerable amount of lithium (Li) 

exists at substitutional sites in the ZnO matrix.
32

 In such a case, lithium acts as an 

acceptor, which can lead to p-channel of ZnO TFT at negative gate voltage. 

However, Park et al. predicted that Li (or Na) in the ZnO matrix prefers basically 

interstitial sites to substitutional sites using the first-principles pseudopotential 

method based on the local density approximation.
33

 Alkali metal elements tend to 

occupy the interstitial sites, in part mitigated by their small atomic radii, rather than 

substitutional sites, and therefore, act mainly as electron donors instead.
34

 Also, 

Hosono et al. suggested the possibility of effective n-type doping in ZnO through 

the ion implantation of a cation that has low electron affinity.
35

 If group-I elements 

occupy the interstitial sites, they act as a shallow donor.
33

 Li in ZnO can occupy the 

interstitial site as well as the substitutional zinc site in the ZnO matrix. Equations 

(3) and (4) explain the Li defect mechanism in ZnO.
36

 

Li → Liinterstitial
+  + electron  (3) 

Li → LiZn
+

+ hole  (4) 

LiZn and Lii
+
 represent the lithium on the Zn lattice sites in the substitutional 
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position and the lithium in the interstitial position on the lattice, respectively. ZnO 

with a wurtzite structure is naturally an n-type semiconductor because of a 

deviation from stoichiometry due to the presence of intrinsic defects such as O 

vacancies and Zn interstitials. Given that intrinsic ZnO is an n-type semiconductor 

that has donor electrons, the interstitial doping can improve the carrier 

concentration by the increment of electrons. The lattice parameters of [101] phase 

from HR-TEM images also support that lithium dopants exist at interstitial sites 

and there is no lattice distortion of ZnO up 10 mol% of Li doping concentration. 

Exceeding the optimum dopant concentration (10 mol%), however, the 

substitutional doping of Li occurred and neutralizes the carriers in the ZnO 

semiconductor and reduces the field effect mobility of ZnO TFTs. In our 

experiments, ZnO semiconductor films have nanocrystalline structures and field 

effect mobility of them is affected by carrier concentration. Following the theory of 

polycrystalline silicon semiconductor, electron mobility is defined by 

μ
D

 = μ
0

(
Nc

Nt
) exp (

-ET

kT
)  (5) 

where μD is mobility of disordered semiconductor, Nc is the effective density of 

states in the conduction band, and Nt is the the number of traps, and ET is the 

energy of thermally activated electron. Increased electron density raise probability 

which electron could be transport in the extended states. Therefore, we assume that 

the majority of the alkali metal ions must exist as interstitial donors in the structure 

rather than as substitutional acceptors and alkali metal dopants enhanced the field 

effect mobility. 

 

6.2.4 Optical analysis of alkali metal doped ZnO films 
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To investigate interstitial doping, we measured the optical bandgap using a UV-Vis 

spectroscope. The optical bandgap energy, Eopt, can be calculated from the 

absorption coefficient (α). We modified equation of optical absorption coefficient 

as follows,
37

 

TZnO/glass = e-(αZnOdZnO)×e-(αgdg), Tg = e-αgdg  (6) 

Trelative ZnO = 
TZnO/glass

Tglass
 = e-αZnOdZnO  (7) 

-
1

d
ln (Trelative ZnO) ≅ α  (8) 

D is the film thickness and T is the transmittance. The thickness of ZnO films with 

7 nm. We estimated the optical bandgap from the intersection of the linear 

extrapolated line with the horizontal axis,
38

 

(αhν)n = A(hν - Eopt)  (9) 

A is a constant and hν denotes the photon energy. The value of n in equation (9) 

was obtained the best straight line fit to the experimental data for n=2 when α was 

plotted against hν. The measured optical bandgap (Eopt) was defined as follows, 

Eopt = Eg-∆E  (10) 

The Burstein-Moss shift, ΔE, could be expressed as, 

∆E = 
h

2
EB

8π
2

3⁄
, EB = 

N
2

3⁄

me
*   (11) 

Thus, equation (10) could be written as follow. 

Eopt = Eg+ 
h

3
n

2
3⁄

8me
*π

2
3⁄
  (12) 

N is carrier concentration. Assuming the effective mass me
*
 to be independent of 

low doping concentration, we could determine the optical bandgap of pristine ZnO 

film and the average value of me
*
 from the UV transmittance plot.

39
 To calculate 
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the optical bandgap, the linear data region of pristine ZnO film was selected. 

Generally, the band gap of intrinsic ZnO is 3.3 eV, however, the calculated optical 

bandgap of pristine ZnO film which we selected was 3.24 eV. Under the same 

linear data region (3.5 eV–3.64 eV) of (αhν)
2
 vs. photon energy plot, the Eopt of Li 

doped ZnO films (1mol%–15mol%) was calculated respectively. 

Figure 5.5.a shows the transmission spectra of Li doped ZnO films annealed at 

300 °C in ambient air for 1 hour. All films have an average optical transparency 

that exceeds 90% in the visible wavelength range. The inset image in figure 5.5.a 

shows that the transmittance was elevated and then declined as the Li concentration 

increased. These results can be correlated with the change of the optical bandgap 

value. Figure 5.5.b shows a plot of (αhν)
2
 vs. the photon energy in the various ZnO 

films; the Eopt value can be obtained by extrapolating the linear region to the 

photon energy axis. The optical bandgap energy values, Eopt, of Li doped ZnO films 

were 3.26 eV (0 mol%), 3.28 eV (1 mol%), 3.29 eV (10 mol%), and 3.28 eV (15 

mol%).  

The widening of the Eopt values was induced from the quantum confinement size 

effect (QSE). The QSE arises when the crystalline size of ZnO is similar to its Bohr 

exciton radius. Size dependence of the optical bandgap energy is clearly detected in 

the QSE regime when ZnO particles are smaller than 5 nm.
40

 However, HR-TEM 

images show that the crystalline size of ZnO is far from the QSE regime. Also, 

Burstein-Moss effect is generally observed in a degenerate electron distribution 

such as ZnO:Al, ZnO:Ga and ITO. However, unlike silicon semiconductor, 

degenerated metal oxide semiconductor which has a high carrier concentration 

(over the threshold carrier concentration for degeneracy (N > 10
18

 cm
-3

) could have 

still semiconducting properties.
41

 These electrical properties are caused by potential 
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barriers which were induced by disordered structure. Disordered structure has high 

trap density and this defect capture electron which hamper the transportation of 

electron. In case of ZnO films which have a low carrier concentration (N < 10
18

 

cm
-3

), the band gap widening could be still applied to explain relationship of carrier 

concentration vs. the optical bandgap. Disordered semiconductors have band tail 

and these localized states induce bandgap narrowing of ZnO. Add to this localized 

states, increased carrier concentration have similar effect that electrons are filled 

over conduction band. But actually, additional carriers increased electrons over 

mobility edge (Ec). The schematic images of these effects are shown in figure 5.5. 

There are good examples in some remarkable papers of Hosono et al.35,42
 Thus, the 

increase and decrease in the Eopt values given various alkali metal dopant 

concentrations could be explained by Burstein-Moss like effects. In keeping with 

Burstein-Moss like effects, because a doubly occupied state is restricted by the 

Pauli principle and assuming that the optical transition is vertical, extra energy is 

required to excite valence electrons to higher states in the conduction band, which 

causes the widening of the optical bandgap.
43

 The alkali metals located at 

interstitial sites in the ZnO matrix cause an increase in the donor electrons 

(Equation 3), and the widening optical bandgap is caused by excess donor electrons. 

When 10 mol% of lithium hydroxide was added, the Li doped ZnO TFTs were 

highest in terms of field effect mobility and this relation is shown in figure 5.7.a. 

The box chart of optical band gap vs. Li doping concentration is shown in figure 

5.7.b and the distribution chart of Li doped ZnO TFT is shown in 5.8. 

The narrowing of the Eopt value from 3.29 eV to 3.28 eV can be explained by the 

substitutional doping of Li. When the Li concentration in the ZnO matrix exceeded 

10 mol%, despite the interstitial doping that occurred, substitutional Li doping also 
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occurred simultaneously and in considerable amounts. This substitutional doping of 

Li generated the electron acceptors (the holes) induced by Li at the substitutional 

sites (Equation 4), which neutralized the electron donors induced by Li at 

interstitial sites and decreased the field effect mobility of TFTs. This explanation 

coincides in the result of lattice parameter change in HR-TEM images. Distortion 

of lattice parameter supported substitutional doping of lithium. The change of the 

optical bandgap energy in Li doped ZnO semiconductors as supported by the 

Burstein-Moss shift successfully showed the increase and decrease of the field 

effect mobility of Li doped ZnO TFTs and the connection between this and the 

doping concentration of lithium (Li). 
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Figure 5.5. Schematic images of band gap widening on disordered semiconductor. 

 

Figure 5.6. (a) the transmittance data of Li doped ZnO films on the glass substrate. 

The inset shows that the transmittance was elevated and then declined with 

increasing Li concentration. (b) the (ahν)
2
 vs. photon energy plot of the Li doped 

ZnO films with various doping concentrations (0, 1, 10 and 15 mol%). 
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Figure 5.7. (a) the field effect mobility and optical band gap energy of Li doped 

ZnO semiconductors with various doping concentrations (0, 1, 10 and 15 mol%).  

(b) the box chart of optical band gap vs. Li doping concentration. 
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Figure 5.8. The average field effect mobility of Li doped ZnO TFTs as one run at 

300 °C. (a) pristine ZnO. (b) Li doped ZnO (1 mol%). (c) Li doped ZnO (10 mol%). 

(d) Li doped ZnO (15 mol%). 
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6.2.5 Investigation of residual doping effect 

The chemical requirements for any sol-gel solution-process for metal oxide 

semiconductors are the completed reaction and absence of residuals in the 

semiconductor films after the reaction.
13

 Although solution-processed ZnO TFTs 

using various precursors, including In and Ga, which induce good electrical 

properties, have been reported, ZnO semiconductors based on sol-gel methods are 

associated with critical problems, as the completeness of the reaction and the 

presence of residuals should be solved.
44,45

 For the complete removal of carbon 

based organic ligands such as acetate functional groups in the sol-gel precursors of 

ZnO semiconductors, these films, coated using ZnO precursors with carbon based 

organic ligands, should be fabricated by post-heating at temperatures in excess of 

400 °C so as to be residual-free.
46

 High annealing temperature process restricts the 

use of typical plastic and flexible substrates for advanced electronics and is not 

applicable to the fabrication of low-cost devices. In general, several methods of 

preparing precursors to overcome high processing temperatures have been reported, 

but they require an indium dopant for high-performance ZnO TFTs.
21,22

 Also, these 

previously reported results are not free of carbon-residuals after a low-temperature 

annealing process.  

 In this study, we used the zinc ammine complex as a precursor for ZnO 

semiconductors. Although the sintering temperature in this method was relatively 

low compared to the sintering temperatures of typical sol-gel methods, at a 

maximum of 300 °C, zinc ammine complex could be transformed easily into ZnO 

semiconductor films which did not contain any residuals as a consequence of the 

volatile ammonia ligands.
20

 The completeness of the chemical reactions at a low-
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temperature processing reinforced the versatility of the solution-processed ZnO 

TFTs in this approach. Also, alkali metal doping successfully contributed to the 

enhancement of the electrical properties of ZnO TFTs without any carbon or 

unfavorable residuals. 

Thermal gravimetric analysis (TGA) data show that the NH3 loss process finished 

completely below 100 °C. From the TGA analysis in figure 5.9., the evaporation of 

NH3 occurred earlier than that of water. Above 100 °C, the residual nitrogen was 

negligible. For an in-depth study of residual nitrogen, we used electron 

spectroscopy for a chemical analysis. Figure 5.10 shows the X-ray photoelectron 

spectroscopy (XPS) spectra of the pristine, Li doped, and Na doped ZnO films 

fabricated with the aqueous zinc ammine complex precursor on SiO2 substrates 

annealed at 300 °C. If residual nitrogen existed in the prepared films, a peak at 

398.1 eV would have been detected. However, clear peaks around 398.1 eV could 

not be observed in any case in the ZnO films. Only alkali metal dopants were 

detected at 56 eV and 1072 eV for Li and Na, respectively (figure 5.11.a and b). 

Inset image of 5.11.a shows the Li 1s peak located at 52.9 eV which is related to Li 

interstitials corresponding to the valence state of incomplete oxidation.
47

 While 

investigating the HR-TEM results, an energy-dispersive spectrometer (EDS) was 

used to assess the Li doped ZnO films. Figure 5.12 shows the EDS spectrum of 

ZnO films with various Li concentrations (0 mol%, 1 mol%, 10 mol%, and 15 

mol%). In the EDS analysis, there were no noticeable spectra of residual nitrogen 

in the alkali metal doped ZnO semiconductor films. 

For detecting alkali metal dopants in ZnO films, we carried out TOF-SIMS (time 

of fight secondary ion mass spectroscopy). Figure 5.13 shows the intensity of Li, 

Zn and O in alkali metal doped ZnO thin films. In the Li doped ZnO film, high 
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intensity of Li cations was detected. Both XPS and TOF-SIMS showed the 

existence of alkali metals in alkali metal doped ZnO films. The investigation of the 

residuals in alkali metal doped ZnO semiconductor films, as supported by the XPS 

and EDS data, showed the completeness of the reaction between the zinc ammine 

complex and alkali metal doped one as a precursor for ZnO semiconductor films. 
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Figure 5.9. The TGA data of various alkali metal doped ZnO films. 
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Figure 5.10. The wide scan spectrum of ZnO films annealed at 300 °C. (a) pristine 

ZnO film. (b) Li doped ZnO film (10 mol%). (c) Na doped ZnO film (1 mol%). 

The right plots show that the residual nitrogen (the peak at 398.1 eV) was not 

detected. 
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Figure 5.11. XPS spectra of alkali metals doped ZnO films. (a) Li peaks at 55.7 eV 

in Li doped ZnO films (10 mol%) and inset image is the XPS spectra of Li 1s. (b) 

Na peaks at 55.7 eV in Na doped ZnO films (1 mol%). 
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Figure 5.12. HR-TEM EDS results of (a) pristine and (b) Li doped ZnO (Li 1 

mol%) films. (c) Li doped ZnO (Li 10 mol%) films. (d) Li doped ZnO (Li 15 mol%) 

films. Note that nitrogen doping was not observed in the ZnO films. All films were 

annealed at 300 °C for 1 hour. 
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Figure 5.13. TOF-SIMS results of (a) pristine and (b) Li doped ZnO (Li 10 mol%) 

film. Etching rate and analysis area was 0.4 Å/s and 100 x 100 μm, respectively. 
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Chapter 7. Enhancement of Electrical Properties for 

ZnO Thin Film Transistors by Alkali Earth Metal 

Doping  

7.1 Introduction 

Devices on a flexible substrate possess enormous advantages in actual use, such 

as excellent portability, light-weight, and contact on the curved surfaces. In 

addition, transparency is the new term for innovations related to future display 

applications, such as e-sign, e-paper and smart window. Hence, the manufacturing 

of flexible and transparent devices is becoming the crucial point for opening the 

door to the next generation of display devices. To actualize these devices, thin film 

transistors (TFTs), which are used as switching devices in display devices, need 

proper physical and electrical characteristics, such as flexibility, transparency, good 

bias stability, and high mobility.
1
 Metal oxide semiconductors, such as ZnO and 

In2O3 have attracted many researchers because of unique properties, such as 

transparency and high electron mobility which have been attributed to the overlap 

of s-orbital structure of transition metal ion.
2
 Since the demonstration of indium 

gallium zinc oxide (IGZO) TFTs by Nomura et al., much effort has been made in 

research on quaternary metal oxide TFTs to investigate elements that could be used 

in next generation display applications.
3,4

 Vacuum-processed metal oxide 

semiconductor TFTs have ensured high quality performance, reproducibility, and 

reliability. However, in next generation display applications, they still have the 

problems of high facility investment and costs incurred by batch process. Also, the 

vacuum process has an inherent limitation for continuous fabrication process such 
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as roll to roll process, which is essential for large-area display devices. Therefore, 

the development of the process in ambient conditions of solution-processed metal 

oxide TFTs is critical on advanced display devices with low-cost and large-area 

manufacturing ability.
5,6,7

  

Recently, the various solution-processed and high-performance quaternary metal 

oxide TFTs that showed a field effect mobility of 3.2–8 cm
2
/V∙s have been 

reported.
8,9

 Although quaternary metal oxides, including indium, TFTs show high 

electrical performance due to large s-orbitals of indium, a serious problem remains 

that indium is suffering from high cost, uneven and scarce deposits, which make 

indium strategically important material. We previously introduced alkali metal 

dopants for solution-processed In-free ZnO semiconductors and reported how to 

affect the electrical performance of ZnO TFTs.
10,11

 In this chapter, we studied 

magnesium and calcium, alkali earth metal, as new n-type dopants for aqueous-

derived In-free ZnO semiconductor. These dopants drastically improved electrical 

performance of solution-processed ZnO semiconductor, such as field effect 

mobility and bias stability. In this study, AFM and HR-TEM were carried out to 

investigate the morphology and crystal structure of an alkali earth metal doped 

ZnO semiconductor. In addition, the variation of activation energy for interface 

charge trap creation and carrier concentrations regarding as doping concentration 

were calculated using a stretched exponential equation and Hall measurement, 

respectively. 

 

7.2 Results and discussion  

7.2.1 Electrical properties of alkali earth metal doped ZnO 
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TFTs  

Figure 6.1.a shows the mechanism for the formation of a ZnO semiconductor 

from the zinc ammine complex precursor. Unlike general precursors with the 

carbonyl group, this aqueous ammonia-derived ZnO precursor can be easily 

transformed into a ZnO semiconductor under a low-temperature annealing process. 

The alkali earth metal dopants were mixed with an aqueous ammonia-derived ZnO 

precursor as the form of hydroxide such as Ca(OH)2 and Ma(OH)2. Using the 

aqueous ZnO precursors including alkali earth metal dopants, TFTs with bottom 

gate, top contact geometries were fabricated on Si wafer. Figure 6.1.b shows the 

transfer curves of alkali earth metal doped ZnO TFTs with annealing process at 

300 °C. The drain current of alkali earth metal doped ZnO TFTs was drastically 

increased. The maximum drain current of pristine, Mg doped (0.002 mol%), and 

Ca doped ZnO TFTs (0.2 mol%) were 0.153 mA, 1.16 mA and 1.37 mA, 

respectively. We calculated the field effect mobility and these results were shown in 

table 4. Ca doped ZnO TFTs (0.2 mol%) showed the highest mobility of 6.0 

cm²/V∙s and Mg doped ZnO TFTs (0.002 mol %) showed the mobility of 4.86 

cm²/V∙s . Figure 6.2 shows the output characteristics of alkali earth metal doped 

ZnO TFTs with a high saturation drain current of 1 mA. Contrary to alkali metal 

dopants such as lithium and sodium, both of magnesium and calcium dopants have 

low doping concentrations to ZnO semiconductor because alkali earth metal 

hydroxides have limitation of solubility in water. For this reason, it was hard to 

investigate the tendency of field effect mobility with various doping concentrations.  
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Figure 6.1. (a) mechanism of formation of aqueous precursor-derived ZnO, (b) 

transfer curves of TFTs based on ZnO semiconductor doped with various alkali 

earth metals (Mg 0.002 mol%, Ca 0.1 mol%, Ca 0.2 mol%). 

 

Type of TFTs Field effect 

mobility (cm
2
/V∙s) 

Turn on voltage 

(V) 

On/off current 

ratio 

Pristine ZnO 1.34 19 10
5
 

Mg doped ZnO 4.86 -10 10
6
 

Ca doped ZnO 6.0 -12 10
7
 

Table 4. Field effect mobility and turn on voltage of TFTs based on pristine and 

alkali earth metal doped ZnO films annealed at 300 °C with SiO2 gate dielectric 

(Mg 0.002 mol%, Ca 0.2 mol%). 
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Figure 6.2. Output characteristic of various ZnO TFTs. (a) pristine ZnO TFT, (b) 

Mg doped ZnO TFT (0.002 mol%), (c) Ca doped ZnO TFT (0.2 mol%). 
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7.2.2 Carrier concentration of alkali earth metal doped ZnO 

films  

In general, alkali earth metal dopant, especially magnesium (Mg), is well known 

as a suppressor of zinc interstitials or oxygen vacancies because of the ionic 

character of the Mg–O bonds is stronger than that of the Zn-O bonds.
12

 This 

bonding preference was induced by a stronger affinity of Mg (E° = -2.37 V) for 

oxygen than Zn (E° = -0.76 V) for oxygen in ZnO.
13

 Therefore, magnesium 

dopants reduce carrier electrons in the ZnO films because of the decrease in the 

oxygen vacancy serving as a source of carriers, thus reducing the Fermi level. 

Using alkali earth metal dopants as the carrier suppressor, transparent conducting 

oxide (TCO) materials, such as indium oxide and indium zinc oxide, can be 

transformed as semiconductors of TFTs.
12,13

 In this study, however, the alkali earth 

metal dopants did not show the general behavior of a carrier suppressor. 

Interestingly, an increase in drain current at a fixed gate voltage was observed upon 

the introduction of Mg and Ca into ZnO films up to 0.002 mol% and 0.2 mol%, 

respectively (Figure 6.1). This demonstrates that Mg and Ca dopants did not reduce 

electron transport through ZnO. This unusual increase in drain current might have 

been occurred by the location of alkali earth metal dopants on the interstitial site of 

ZnO matrix.  

Previously, we reported that group-I dopants locate in the interstitial site and act 

as shallow donors, and that Li doped ZnO TFTs show a negative shift in turn-on 

voltage (Von).
10

 Analogously, alkali earth metal doped ZnO TFTs showed the same 

negative shift of Von. Bang et al. controlled carrier concentration by various post-

annealing temperature of ALD processed ZnO films. The carrier concentration of 
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the ZnO film rapidly increased from 1.3x10
15

 to 2.1x10
19

 cm
−3

, and TFTs showed 

enhancement of field effect mobility from 1.2 to 1.9 cm
2
/V∙s. In addition, turn-on 

voltage and threshold voltage shifted to negative voltage.
14

 A Hall measurement for 

various ZnO films was carried out to investigate a more exact relation between 

carrier concentration and electron mobility. Inducing alkali earth metal dopants 

caused a decrease in the resistivity of ZnO films (Figure 6.3.a). Figure 6.3.b shows 

a plot of the field effect mobility of various ZnO TFTs vs. bulk carrier 

concentration. The field effect mobility increased in accordance with increments in 

carrier concentration, which was induced by alkali earth metals doping. Although 

this trend is opposite to silicon semiconductor, Hosono et al. well explained these 

phenomena with the percolation conduction theory, in which the transport of free 

electrons in a conduction band is limited by a potential barrier above conduction 

band maximum.
14

 Also, solution-processed ZnO semiconductors tend to be a 

polycrystalline structure and create much more defect that act as a potential barrier. 

This potential barrier impedes electron transportation through conduction band and 

eventually induces degradation of the field effect mobility. Increased carrier 

concentration affect effective carrier which contribute electron transporting in 

conduction band. This means that increased electron density raise probability 

which electron could be transport in the extended states. Considering our results 

and polycrystalline theory, we speculated that alkali earth metals locate in the 

interstitial site of ZnO and act as shallow donors, which increases the carrier 

concentration of ZnO semiconductor layer by doping. 
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Figure 6.3. Electrical properties of alkali earth metal doped ZnO films, (a) 

resistivity data of alkali earth metal doped ZnO films by Hall measurement, (b) 

bulk carrier concentration and the field effect mobility of ZnO TFTs as a function 

of various alkali earth metals. 
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7.2.3 Analysis of alkali earth metal doped ZnO films  

 Magnesium is generally used for band gap engineering due to its large bandgap 

energy (6.3 eV). Also, MgO is used as heterostructured semiconductors which are 

composed of layers of MgO and ZnO. These heterostructured semiconductor 

devices provide carrier or optical confinement such as LEDs, laser, and high 

electron mobility transistors.
16

 For investigating the existence of alkali earth metal 

oxides, XRD was carried out. In Figure 6.4.a, MgO and CaO bonding were not 

detected within XRD resolution. This XRD analysis clearly showed that the Mg 

and Ca dopants were solely located in the ZnO matrix as interstitial doping. The 

lack of the MgO or CaO pattern in XRD does not necessarily indicate the 

Mg or Ca is an interstitial dopant. Also, a Ca peak was detected in TOF-SIMS 

data (figure 6.4.b and c), which is the evidence of well distribution of Ca in the 

ZnO matrix. These results are not sufficient to draw a conclusion on the location of 

the dopant. However, it is very hard to detect the alkali earth metal cation in 

ZnO semiconductor due to thin ZnO films (5–7 nm) and a small quantity of 

dopant. Hence, we prepared alkali earth metal doped ZnO powders from the 

same alkali earth metal doped ZnO precursors. Instead of spin coating, we 

just dried alkali earth metal doped ZnO precursors at 300 °C and carried out 

Inductively Coupled Plasma-Atomic Emission Spectroscopy (ICP-AES). The 651 

ppm was detected in the case of calcium cation dopant.
17

 

We also investigated the morphology of pristine and alkali metals doped ZnO film, 

because the electrical performance of polycrystalline ZnO TFTs are affected by 

film conditions, such as lattice distortion, morphology, or grain boundary.
18,19

 

Figure 6.5 shows cross-sectional HR-TEM images of alkali earth metal doped ZnO 
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films. Each inset image shows Fast Fourier Transform Selected Area Electron 

Diffraction (FFT-SAED) patterns. We could not observe any remarkable lattice 

distortion or migration induced by alkali earth metal doping. The root mean square 

roughness is shown in Figure 6.6. The values were 0.32 nm (pristine ZnO), 0.41 

nm (Mg doped ZnO with 0.002 mol%), 0.36 nm (Ca doped ZnO with 0.1 mol%), 

and 0.40 nm (Ca doped ZnO with 0.2 mol%), respectively. Because the changes in 

lattice distortion and roughness in various ZnO films were negligible, we 

concluded that there were no strong relations between the field effect mobility and 

morphology of various ZnO films. 
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Figure 6.4. (a) XRD profiles of the pristine and alkali earth metal doped ZnO 

powder, (b) TOF-SIMS data of pristine ZnO film, (c) TOF-SIMS data of Ca doped 

ZnO film (0.2 mol%). 
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Figure 6.5. Cross-sectional HR-TEM images of alkali earth metal doped ZnO films 

on the SiO2 substrate at annealing temperature 300 °C. (a) pristine ZnO film, (b) 

Mg doped ZnO film with 0.002 mol%, (c) Ca doped ZnO film with 0.1 mol%, (d) 

Ca-doped ZnO film with 0.2 mol%. The inset image shows crystalline FFT-SAED 

patterns. 
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Figure 6.6. Atomic force microscopy (AFM) images of alkali earth metal doped 

ZnO films. The root mean square (RMS) roughness values of ZnO films were 0.32 

nm (prisitine ZnO), 0.41 nm (Mg 0.002 mol%), 0.36 nm (Ca 0.1 mol%), and 0.408 

nm (Ca 0.2 mol%). 

 

 

 

 

 

 

 

 



 

 132 

7.2.4 Positive bias test of alkali earth metal doped ZnO TFTs  

TFTs in the backplane of advanced display devices should be stable in operation. 

We found that alkali earth metal doping enhances the stability of ZnO TFTs. The 

alkali earth metal doped ZnO TFTs showed little hysteresis, which induces the 

looping transistor characteristics.
20

 Figure 6.7 shows hysteresis of current between 

forward and reverse gate voltage was negligible and consistently stable under bias 

stress.
21

 40 voltage of positive bias was applied at gate electrode for 4800 seconds. 

Despite intrinsic nanocrystalline ZnO films, small shifts of threshold voltage were 

also observed because the alkali earth metal dopants could fill the traps of grain 

boundary of the ZnO matrix (figure 6.8.a, b, and c).
22

 Figure 6.8.d shows stable 

values of relative field effect mobility during prolonged stress. The curves of ΔV th 

vs. the bias time are shown in figure 6.8.e. The amount of activation energy 

required for trap creation was calculated using a stretched exponential equation 

(table 5).
23

 Elevated activation energy for trap creation explains the small shift in 

drain current when TFTs are stressed with a positive bias (figure 6.8.f). In addition, 

alkali earth metal doped ZnO TFTs showed highly stable properties under the 

negative bias test (figure 6.9). Figure 6.10 showed the variation in Vth of various 

ZnO TFTs to which 40 V and -40 V of gate bias stress was applied. 
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Figure 6.7. The hysteresis behavior of undoped and alkali earth metal doped ZnO 

TFTs with SiO2 gate dielectric. (a) undoped ZnO, (b) Mg-ZnO (Mg 0.002 mol%), 

(c) Ca-ZnO (Ca 0.2 mol%).   

 

Figure 6.8. (a), (b) and (c) evolution of the linear transfer curves of various ZnO 

TFTs, as a function of positive bias stress time (40 V, 0–4800 s), (d) relative field 

effect mobility of various ZnO TFTs, as a function of bias stress time (0–4800 s), (e) 

relative threshold voltage shift (ΔVth) of various ZnO TFTs as a function of stress 

time, and (f) plot of ΔVth/Vo vs. bias stress time for pristine, Mg (0.002 mol%) and 

Ca doped ZnO (0.2 mol%) TFTs.  
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Figure 6.9. (a), (b) and (c) evolution of the linear transfer curves of various ZnO 

TFTs, as a function of negative bias stress time (-40 V, 0–4800 s), (d) relative field 

effect mobility of various ZnO TFTs, as a function of bias stress time (0–4800 s), (e) 

relative threshold voltage shift (ΔVth) of various ZnO TFTs as a function of stress 

time, (f) plot of ΔVth/Vo vs. bias stress time for pristine, Mg (0.002 mol%) and Ca 

doped ZnO (0.2 mol%) TFTs.  

 

Fitting parameter Pristine ZnO 

Mg doped ZnO 

(0.002 mol%) 

Ca doped ZnO 

(0.2 mol%) 

EA (eV) 0.5017 (±0.0054) 
0.54126 

(±0.01756) 

0.5140 

(±0.00692) 

KBT0 (eV) 0.0298 (±0.0018) 
0.03855 

(±0.00516) 

0.02819 

(±0.00191) 

Table 5. EA and kBT0 of pristine, Mg (0.002 mol%), and Ca doped ZnO TFTs (0.2 

mol%). 
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Figure 6.10. Variation in Vth of various ZnO TFTs to which 40 V and -40 V of gate 

bias stress was applied. 
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Chapter 8. Conclusion 

 In conclusion, solution-processed, low-temperature, and high mobility of ZnO 

TFTs were developed for advanced soft electronics such as flexible, transparent 

display and high definition display. Beyond the indium-based metal oxide 

semiconductor, new dopants for ZnO semiconductor from zinc ammine complex 

were suggested.   

 First, the solution-processed ZnO TFTs using zinc ammine complexes, which 

were prepared using ZnO powder, intrinsic Zn(OH)2, and precipitated Zn(OH)2 

were fabricated. From the analysis of the reaction mechanism in the zinc ammine 

complex, we deduced that the same chemical intermediate (zinc ammine complex) 

was made from three different zinc oxide sources. In the study of 
1
H-NMR, surface 

morphology by AFM, crystal structure by HR-TEM, and oxygen vacancy by XPS 

in the ZnO films, we confirmed the same intermediate and ZnO semiconductor 

film fabrication irrespective of the type of zinc oxide source for the zinc ammine 

complex. Consequently, they induced the analogous values of the average field 

effect mobility, on/off current ratio, and turn-on voltage in all ZnO TFTs. Although 

zinc ammine complexes for ZnO semiconductors were prepared using three 

different zinc oxide sources, the chemical intermediate and electrical performance 

were the same. These solution-processed ZnO films from zinc ammine complexes 

have various advantages such as low-temperature process, high electron mobility, 

and non-toxic aqueous solution.  

 Second, the new doping method by employing alkali metals to achieve high-

performance and solution-processed ZnO TFTs with a low processing temperature 

(300 °C), which is therefore applicable to flexible plastic substrates was 
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demonstrated. These alkali metals in the ZnO films acted as shallow donors, which 

dramatically enhanced the field effect mobility of the ZnO TFTs. Li doped ZnO 

TFTs exhibited excellent electrical properties, i.e., an electron mobility of 7.34 

cm
2
/V∙s and an on/off current ratio of 10

7
. The low-voltage operation of Li doped 

ZnO TFTs with excellent operational stability was successfully demonstrated by 

using high capacitance ion gel gate dielectrics.  

Third, high-performance, low-temperature and solution-processed alkali metal 

doped ZnO TFTs were introduced in detail and analyzed by HR-TEM, AFM, XPS, 

EDS, electrical bias stability test and UV-vis spectroscopy. Furthermore, the 

change in the optical bandgap energy of Li doped ZnO semiconductor films could 

be supported by the Burstein-Moss like shift showed successfully the increase and 

decrease of the field effect mobility of Li doped ZnO TFTs related to the doping 

concentrations. The optical bandgap energy (Eopt) is correlated with the 

enhancement of the electron mobility of alkali metal doped ZnO TFTs. The 

broadening of the Eopt values, which are strongly related to the amount of excited 

electrons from the Fermi level in the valance band to the conduction band, was 

observed from the Li doped ZnO 0 mol% film to the Li doped ZnO 10 mol% film. 

Increased electron density raise probability which electron could be transport in the 

extended states. Therefore, we assume that the majority of the alkali metal ions 

must exist as interstitial donors in the structure rather than as substitutional 

acceptors and alkali metal dopants enhanced the field effect mobility. 

Finally, alkali earth metals as new n-type dopants enhance substantially the 

electrical properties of aqueous precursor-derived ZnO TFTs with low-temperature 

annealing. Both magnesium and calcium locate in the interstitial site and increase 

the carrier concentration of the ZnO semiconductor. The Ca doped ZnO TFTs (0.2 
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mol%) showed best performance after annealing at 300 °C; the field effect mobility 

was 6.02 cm
2
/V∙s and the on/off current ratio was 10

7
.  

In this regard, alkali metal doped ZnO semiconductors which could facilitate the 

fabrication of high-performance, low-temperature, solution-processed, and indium-

free TFTs for cost-effective and mass-produced TFTs for advanced displays were 

introduced. An in-depth study of the crystal structure, morphology, and optical 

bandgap of ZnO films with various dopants makes a great contribution to next 

generation high-performance TFTs for flexible, printed and transparent electronics. 
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국문초록 

용액형 박막 트랜지스터를 위한 산화 

아연 반도체의 소재 공정 

 
 

박시윤 

융합과학부 

융합과학기술대학원 

서울대학교 
 

박막 트랜지스터의 활성층으로서 산화물 반도체는 투명성과 유연성과 같은 독

특한 물성 때문에 널리 알려져 있다. 자동차의 HUD, 스마트 유리창, 디스플레

이 탁자, 스마트 카드와 말 수 있는 디스플레이와 같이 다양한 기기와 디자인들

이 산화물 반도체를 사용하여 구현되고 있다. 차세대 디스플레이 기기를 위하여 

유연하고 큰 밴드갭을 가지며 운반자 농도가 조절이 가능한 반도체 물질이 필

수적이다. 또한 플라스틱 기판을 이용한 유연성 기기를 위하여 저가, 대면적 생

산 공정이 필요하다. 산화 아연 또는 산화물 반도체를 기반으로 하는 박막 트랜

지스터가 능동형 디스플레이의 구동소자로 사용된다. 산화물 반도체 박막 트랜

지스터는 투명성, 높은 전자 이동도와 점멸비 등의 장점 때문에 능동형 디스플

레이의 비정질 실리콘 박막 트랜지스터를 대체하고 있다. 하지만 용액 공정, 저

온 공정의 산화 아연 반도체가 보고 되었으나 여전히 낮은 전자 이동도를 가지

고 있다. 이러한 관점에서 용액 공정에서 가능한 도핑 방법과 원리 분석을 위한 

재료 공정이 필요하다.  

 첫 번째로 세 가지의 전구체로부터 제작되는 산화물 반도체 박막의 제조 박막

의 최적화에 대해서 조사하였다. 산화 아민 착화합물은 암모니아의 높은 휘발성 
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때문에 낮은 공정온도가 가능한 전구체이다. 세 가지의 산화물 전구체로부터 산

화 아연 박막을 만드는 방법 중 암모니아수에 산화아연을 직접적으로 녹이는 

방법이 가장 효율적인 방법이다.  

 둘째로 알칼리 금속을 사용하여 산화물 반도체를 도핑하는 새로운 방법을 개

발하였다. 인듐-아연 산화물, 인듐-갈륨-아연 산화물과 같은 아연 양이온을 

포함하는 산화물 합금은 높은 전계 효과 이동도를 가지는 전기적 성능을 가지

고 있다. 하지만, 인듐의 사용은 높은 가격과 전략적 중요성 때문에 큰 도전 과

제를 가지고 있다. 알칼리 금속 양이온의 침입형 도핑은 산화물 반도체의 전자 

농도를 증가시키고 전계 효과 이동도에 영향을 주게 된다. 리튬 도핑된 산화 아

연 박막 트랜지스터는 7.34 cm
2
/V∙s의 전계 효과 이동도와 107의 높은 점멸비 

등 우수한 전기적 특성을 보였다. 

 셋째로 리튬 도펀트에 집중하여 정확한 도핑 원리와 자세한 분석에 대하여 연

구하였다. 알칼리 금속이 도핑된 산화물 반도체에 대하여 결정성, 표면 상태, 

반도체와 절연층의 계면, 광학적 흡수율과 화학적 조성을 다양한 분석 장비를 

이용하여 조사하였다. 나노결정성 구조의 산화물 안에서 알칼리 금속 양이온이 

침입형 위치에 존재하고 알칼리 금속 도펀트가 산화물 반도체의 전자 농도를 

증가시키게 된다. 또한 재료의 손상 없이 알칼리 금속이 도핑된 산화물의 전기

적 특성을 관찰할 수 있도록 광학적 흡수율을 이용해 분광 분석을 사용하였다. 

 마지막으로 알칼리 토금속이 도핑된 고 이동도, 용액 공정의 산화 아연 박막트

랜지스터를 개발하였다. 일반적으로 알칼리 토금속은 산소 결핍형이나 아연 침

입형에 의해 발생하는 전자 농도를 감소시키는 억제제로 널리 사용되고 있다. 

하지만 아연 아민 착화합물에서는 마그네슘과 칼슘 모두 침입형 위치에 존재하

고 수용액 공정의 산화 아연 반도체의 전자 농도를 증가시킨다. 300 도의 가열 

공정에서 제작된 칼슘이 도핑된 산화 아연 박막트랜지스터는 6.02 cm
2
/V∙s 의 
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전계 효과 이동도와 107의 높은 점멸비의 높은 성능을 보였다.  

 결론으로 유연하고 투명한 전자소자에 사용되는 박막트랜지스터를 위해 산화 

아연 반도체의 재료 공정을 진행하였다. 산화 아민 착화합물은 용액공정을 위해 

사용되는 탄소기반의 산화 아연 전구체를 대체할 수 있을 것이다. 알칼리 금속

과 알칼리 토금속은 산화 아연 박막트랜지스터에서 높은 전계 효과 이동도를 

달성시킬 수 있는 가능성을 가지고 있다.  

Keywords : 박막트랜지스터, 산화아연, 산화물 반도체, 리튬 도펀트 
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