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Recently, metal-insulator-oxide semiconductor-metal (MIOSM) thin-

film diodes (TFDs) have received attention as a next-generation diode 

due to the high rectification ratio and their broad option on operating 

voltage range. Nevertheless, precise turn-on voltage control of the 

MIOSM TFDs has been required for circuit design convenience. I report 

the method and mechanism for varying the turn-on voltage of MIOSM 
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TFD in a much simpler and more accurate way. The turn-on voltage of 

the MIOSM TFD can be easily set by adjusting the amount of trap state 

that is filled inside the insulator, and the number of charge carriers 

injected into the insulator. The diodes adopting the new method can 

freely set various turn-on voltages of MIOSM TFDs not only in the low 

operating voltage range of ±4 V, but also in the high operating voltage 

range of ±50 V, and maintain a high rectification ratio of over 106 even 

when the diode's turn-on voltage is shifted. My new method and the 

analyzed mechanism that can easily and accurately change the turn-on 

voltage of MIOSM TFD are expected to accelerate the diode's 

applicability and expandability. 
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Chapter 1. Introduction 

 

1.1 The Thin Film Diodes (TFDs) 

 

One of the most promising technologies over the years, oxide 

electronics has emerged for applications in various devices such as 

switching, light-emitting, photovoltaic cells, next-generation memory 

and neuromorphic circuit1-6. In these areas, achieving the excellent 

rectification characteristics of oxide thin-film diodes (TFDs) is necessary 

for the devices' stable operation. Oxide TFDs have been extensively 

studied in the form of Schottky junction, p-n junction, and metal-

insulator-metal (MIM) structure to realize small, light, transparent, and 

excellent rectification characteristics7-9. Schottky TFDs based on oxide 

semiconductor materials such as zinc oxide (ZnO) and indium-gallium-

zinc oxide (IGZO) are rapidly gaining attention as high-speed rectifiers 

in recent years10,11. However, Schottky TFDs have a narrow operating 

voltage range and poor reverse leakage current at relatively high 

voltage12. In the case of p-n junction TFDs, most stable oxide 

semiconductors are n-type in which oxygen vacancies and doped 

hydrogen generate charge carriers13,14. The p-type oxide exhibits low 

conductivity and electrical stability due to a large effective mass of holes 
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in the valence band15. Considering the difference in electrical properties 

of n-type and p-type oxide semiconductors, the application of p-n 

junction TFDs with excellent properties still has limitations16,17. In MIM 

TFDs, current flows according to the effect of quantum tunneling 

through an ultra-thin insulator by an electric field applied between two 

metal electrodes18. Quantum tunneling follows an electrode-limited 

conduction mechanism affected by the insulator's thickness and the 

energy barrier difference between the insulator and the electrode19. 

However, MIM TFDs show a limitation in that it is difficult to secure a 

uniform insulator thickness in a large area process, and it is difficult to 

improve the rectification characteristics significantly only by quantum 

tunneling8. Besides, the structural limitation of using only thin insulators 

allows the MIM TFDs to be driven only in a narrow voltage operating 

range1,8,18,20. 
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1.2 New Type of TFDs Based on Oxide Materials 

 

Recently, a new metal-insulator-oxide semiconductor-metal 

(MIOSM) structure TFDs that can overcome the limitations of 

conventional oxide TFDs has been reported21-24. The electrical 

conduction of MIOSM TFD follows an electrode-limited conduction 

mechanism that relies on charge carriers injected from the interface 

between a semiconductor and an insulator, and a bulk-limited conduction 

mechanism affected by trap states inside the insulator. The result of 

optimizing the characteristics of charge carriers injected into trap states 

inside the insulator by changing the oxide semiconductor's conductivity 

confirmed that the MIOSM TFD's rectification characteristics could be 

developed by electrode-limited conduction engineering22. By controlling 

the trap states' energy level inside the insulator of MIOSM TFD, 

suppressing leakage and increasing the rectification ratio showed that the 

diode's electrical characteristics could be improved by bulk-limited 

conduction engineering23. Applying these conduction characteristics 

simultaneously, the MIOSM TFD can show a high rectification rate of 

more than 106 and a low off current of less than 10-10 A. The diode's 

operating voltage range can be selectively changed from low voltage 

driving to high voltage driving by adjusting the insulator's thickness. 
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Moreover, current-voltage (I-V) characteristics can be controlled by 

adjusting the electrical characteristics of the oxide semiconductor. 
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1.3 Purpose of MIOSM TFD’s Turn-on Voltage Controll 

 

In most studies on MIOSM TFDs, it has been reported that the diode 

turns on around 0 V. Diodes require specifications to turn on at various 

voltages other than 0 V to enhance electronic circuit design convenience. 

For this reason, a study has been attempted to shift the turn-on voltage 

of the MIOSM TFD by controlling the carrier supply using the Schottky 

barrier caused by the contact between the oxide semiconductor and the 

top metal24. However, the previous study has been limited in requiring 

one more semiconductor layer to form a desired Schottky barrier 

between the oxide semiconductor and the top metal. 

In this work, I show that the exact turn-on voltage shift of the 

MIOSM TFD can be set simply and accurately for both high voltage and 

low voltage driving diodes by controlling the number of charge carriers 

injected into the trap states inside the insulator. The number of injected 

charge carriers is regulated by controlling oxygen vacancies in the oxide 

semiconductor layer. It is verified that when reducing the oxygen 

vacancies inside the amorphous indium-gallium-zinc oxide (a-IGZO), 

the turn-on voltage shifts from 0 V to 19 V for high voltage drive diode 

and 0 V to 1.20 V for low voltage driving diode. The relationship 

between the reduction of oxygen vacancy and the turn-on voltage shift is 



 

 

 ６  

explained by the concept of dielectric relaxation and carrier transit time 

of electrons injected into trap states inside the insulator. It is also verified 

that the precise turn-on voltage control according to the size of the 

diode's operating voltage range can be controlled by the number of trap 

states inside the insulator. Stable and excellent MIOSM TFDs with 

various electrical specifications with adjustable turn-on voltage are 

expected to increase diodes' applicability by simplifying the design of 

next-generation oxide electronic circuits. 
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Chapter 2. Experimental Section 

 

2.1 Fabrication of Turn-on Voltage-controlled MIOSM 

TFD  

 

All devices were fabricated on a p-type Si wafer substrate with a 525 

μm thickness, highly boron-doped, single-side-polished, (100)-

orientation, and resistivity of less than 0.005 Ω·cm. To remove surface 

contamination of the substrate and deposit an excellent thin film, 

cleaning was sequentially performed in an ultrasonic bath with detergent 

for 15 minutes, deionized water (DI) for 20 minutes, acetone for 15 

minutes, isopropyl alcohol (IPA) for 15 minutes, and N2 blowing for 1 

minute. To remove residual organic matter without chemical or physical 

damage to the surface, atmospheric-pressure plasma (APP) treatment 

was fulfilled on a hot plate at 200°C for 1 minute. All wafers were cut to 

the size of 2 × 2 cm2. The oxide insulator layer was deposited on the 

substrate using a plasma-enhanced chemical vapor deposition (PECVD, 

PlasmaPro System100, Oxford instruments) for 100-nm SiO2 and an 

atomic layer deposition (ALD, VSALD-950A) for 9-nm HfOX. 

Amorphous indium-gallium-zinc oxide (In : Ga : Zn : O = 1 : 1 : 1 : 4 

at%, purity 99.99%) semiconductor layer was deposited on top of the 
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insulator using a radio frequency magnetron sputtering system (DAEKI 

HI-TECH Co.,Ltd, Co-Sputtering System) up to 40 nm. The sputtering 

chamber was maintained in a high vacuum of 10-6 Torr using a rotary and 

turbopump before the deposition, and sputtering was conducted in 

different Ar and O2 gas partial pressure applying 90 W power to the a-

IGZO target under a working pressure of 10-2 Torr at room temperature. 

After deposition, a-IGZO was subjected to rapid thermal annealing (RTA) 

treatment for 90 s at 425°C in an air atmosphere. The RTA process 

improves the electrical properties of the a-IGZO film by effectively 

reduce deposition defects and trap density25. The top electrode was 

deposited with 100-nm Al using a thermal evaporator system (DAEKI 

HI-TECH CO.,Ltd, Termal Evaporation System) under 10-6 Torr and was 

patterned using a circle-shaped stainless steel shadow mask with a radius 

of 250 μm. 
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2.2 Characterizations 

 

The electrical characteristics of the fabricated devices were measured 

under the dark and ambient conditions using an Agilent 4155B 

semiconductor parameter analyzer. X-ray photoelectron spectroscopy 

(XPS, NEXSA, ThermoFisher Scientific) was used to obtain the 

electronic states of the M-O bond, oxygen vacancy, O-H bond of the a-

IGZO film. 
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Chapter 3. Results and Discussion 

 

3.1 Electrical Conductions and Turn-on Voltage Shift in 

MIOSM TFDs 

 

Figure 1a shows the schematic bottom metal-insulator-oxide 

semiconductor-top metal structure of TFDs and highly boron-doped p++ 

Si/SiO2/a-IGZO/Al were applied as the material of each layer. Trap-

state-controlled SiO2 layer was deposited to a thickness of 100 nm on a 

p++ Si bare wafer by plasma-enhanced chemical vapor deposition 

(PECVD) and it was used as a charge transfer layer16. N-type a-IGZO 

was deposited on SiO2 layer to a thickness of 40 nm using a radio-

frequency sputtering system and was used as a layer for injecting charge 

into trap states inside the SiO2. On the oxide semiconductor layer, 100 

nm of Al, which forms an ohmic contact with a-IGZO, was deposited 

using a thermal evaporator and used as a top metal to supply charge 

carriers. To compare the difference in electrical characteristics of 

MIOSM TFD with conventional oxide TFDs, metal-semiconductor (MS, 

p++ Si/40-nm a-IGZO) and metal-insulator-metal (MIM, p++ Si/9-nm 

HfOX/100-nm Al) TFDs were fabricated, and their I-V characteristics 
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were analyzed (Figure 1b, 1c, and 1d). Each diode's rectification 

characteristics were confirmed by fixing the top metal at 0 V and 

applying a variable voltage to the bottom metal. Voltages in the range of 

±3 V, ±6 V, and ±50 V were applied to the bottom electrodes of MS, MIM, 

and MIOSM TFDs, respectively, considering the current compliance of 

the measurement equipment. All devices were turned on at 0 V, and the 

rectification ratio was 1.2 × 102 at ±2.5 V for MS TFD and 2.6 × 101 

at ±3 V for MIM TFD (inset of Figure 1d, 2a, and 2b). On the other hand, 

the MIOSM TFD showed a high rectification ratio of 1.3 × 107 at ±30 V and 

stable driving even at a relatively high voltage of ±50 V (Figure 2c). The 

MIM TFD, where quantum tunneling is applicable, cannot effectively 

suppress the leakage current in the off region due to a thin insulator's 

physical limitation. MS TFD improved the off-region characteristic by 

the Schottky barrier, showing about 10 times higher rectification 

characteristics than MIM TFD, but showed the narrowest operating 

voltage range among the comparison group and 105 times lower 

rectification ratio than MIOSM TFD. The MIOSM TFD showed a low 

off current of less than 10-10 A and a high rectification ratio of more than 

107, like the previously reported devices21-24. The advantage of having a 

much wider operating voltage range compared to other TFDs was also 

confirmed.  
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Figure 1. Schematic diagram of (a) the MIOSM device consisting   of 

p++ Si/100-nm SiO2/40-nm a-IGZO/100-nm Al. (b) metal-semiconductor 

(MS) Schottky contact and (c) metal-insulator-metal (MIM) structure. (d) 

Current-voltage (I-V) characteristics of  MIM (p++ Si/9-nm HfOX/100-

nm Al), MS (p++ Si/40-nm a-IGZO), and MIOSM (p++ Si/100-nm 

SiO2/40-nm a-IGZO/100-nm Al) TFDs with turn-on voltage 0 V. 
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Figure 2. Rectification ratio according to voltage variation of (a) MS, (b) 

MIM, and (c) metal-insulator-oxide semiconductor-metal (MIOSM) 

thin-film diode (TFD). The absolute values of the on-current (Ion) and 

off-current (Ioff) levels were compared when the forward and reverse bias 

applied to the bottom electrode of each TFD have the same absolute 

value. The rectification ratio was compared only up to a voltage lower 

than the applied bias in the graphs for MS and MIM TFD because 

breakdown occurred in the device at higher voltages. The rectification 

ratio at a specific voltage indicated in each graph was randomly selected 

as a representative value for each diode's rectification ratio. 
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Meanwhile, as previously reported, MIOSM TFD follows the space-

charge-limited current (SCLC) mechanism which explains the principle 

that electrons injected from the oxide semiconductor move through the 

insulator while filling the trap states inside the insulator (Figure 3)22-24. 

Figure 4 shows that the current density-voltage (J-V) relationship of 

MIOSM TFD exhibits a straight line with a slope of 2.59 when the axes' 

scale is the logarithm. According to the SCLC mechanism, the J-V 

relationship representing trap-free behavior follows Child's law: 

𝐽Child =  
9

8
𝜀𝜇e

𝑉2

𝑑3
               (1) 

where 𝜀  is the permittivity, 𝜇e  is the electron mobility, and 𝑑  is the 

insulator's thickness19,26,27. From equation (1), since log J is proportional 

to a value close to twice of log V, the slope value by fitting confirms that 

the MIOSM TFD shows trap-free behavior following the Child's law of 

the SCLC mechanism. On the other hand, according to the SCLC 

mechanism, there is a traps-filled-limited (TFL) conduction region in 

which the charge carriers are flowing through the insulator while filling 

the trap states inside the insulator before showing trap-free behavior22. 

TFL conduction starts when the insulator's charge transit time (𝜏c ) is 

shorter than the insulator's dielectric relaxation time (𝜏d). Even if charge 

carriers are injected from the oxide semiconductor into the insulator 

when the 𝜏c is longer than the 𝜏d, the injected charges do not move to 
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the bottom electrode, and the diode remains off state. Therefore, under 

the same insulator condition, when adjusting the electrical characteristics 

of the oxide semiconductor that injects charge carriers into the insulator, 

the electrical characteristics of the diode can be modified. In particular, 

when the number of charge carriers injected from the oxide 

semiconductor is reduced, a higher voltage is required to overcome 

dielectric relaxation and secure the number of charge carriers to show 

TFL conduction. Utilizing this characteristic makes it possible to shift 

the diode's turn-on voltage to have a more positive value. Reducing the 

number of charge carriers injected in the oxide semiconductor to make 

the diode's turn-on voltage have a more positive value can be achieved 

by reducing the oxygen vacancies that generate a-IGZO's charge carriers. 

Filling the oxygen vacancies can be accomplished by increasing the O2 

partial pressure relative to Ar in the chamber while depositing oxide thin 

film with the RF sputtering system (Figure 5). When the Ar and O2 gas 

flow rates were changed from Ar : O2 = 25 : 0 to 24 : 1, 22 : 3, 20 : 5, 

and 18 : 7 sccm, the turn-on voltage was changed from 0 to 2, 7, 12, and 

19 V, for each condition (Figure 6a and 6b). Even though the turn-on 

voltage of MIOSM TFDs changed, high rectification ratio characteristics 

of over 106 were verified under all conditions. When the gas flow inside 

the chamber is Ar : O2 = 22 : 3 sccm, the log J-log V graph analysis makes 
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more clear verification of the reason for the turn-on voltage shift. Figure 

7 is divided into three regions as the number of injected charge carriers 

increases from the oxide semiconductor layer. The range from 0 V to 7 

V is a weak injection region, where the 𝜏c is longer than the 𝜏d so that 

current cannot flow (Figure 8a). When a voltage higher than 7 V is 

applied, a TFL region appears in which electric current begins to flow as 

charge carriers fill the trap states inside the insulator (slope = 41.3). As 

the voltage applied to the bottom electrode is increased further, the trap 

states inside the insulator get more and more filled, and eventually, trap-

free behavior is shown in which all traps are filled. After all the traps are 

filled, the behavior of free charge carriers inside the insulator follows the 

Child's law of equation (1), and the slope of log J-log V appears close to 

~2 as in Figure 7 (slope = 2.88). Figure 9 shows that the charge carriers' 

behavior under conditions with different flow rates of Ar and O2 gas is 

also divided into a dielectric relaxation region, a TFL region, and a trap-

free region 
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Figure 3. Band structure showing rectification characteristics according 

to the direction of the voltage applied to the bottom electrode of MIOSM 

TFD. (a) When the positive bias is applied to the bottom electrode, 

charges accumulated at the interface of a-IGZO are injected into trap 

states inside the insulator. The injected electrons are transported to the 

bottom electrode while filling the trap states by the electric field. (b) 

When a negative bias is applied to the bottom electrode, electrons are 

depleted at the interface of a-IGZO, preventing electrons from being 

injected from the bottom electrode to the trap states inside the insulator. 
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Figure 4. J−V relationship of the MIOSM TFDs on a logarithmic scale. 
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Figure 5. The process of reducing oxygen vacancies in a-IGZO. 

Schematic diagram of the sputtering deposition system with Ar and O2 

gas flow for the reduction of O2 vacancies in a-IGZO. 
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Figure 6. (a) Log-linear and (b) log-log plots of the turn-on voltage shift 

curve of MIOSM TFDs depending on the gas flow rate variation from 

Ar : O2 = 25 : 0 to 24 : 1, 22 : 3, 20 : 5, and 18 : 7 sccm of a-IGZO 

deposition using radio frequency sputtering system. 
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Figure 7. Verification of space-charged-limited conduction (SCLC) 

mechanism of the MIOMS TFD with the gas flow rate of Ar : O2 = 22 : 

3 sccm. 
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Figure 8. Charge carrier injection and flow following SCLC mechanism 

in an insulator. Schematic diagram of the SCLC mechanism in an 

insulator. When a positive voltage is applied to the bottom electrode, 
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electrons supplied from the top electrode are injected into the insulator 

by a-IGZO. As the voltage on the bottom electrode increases, the number 

of charge carriers injected from the a-IGZO layer into the trap states 

inside the insulator increases. (a) When the number of charge carriers is 

not sufficient (weak injection), the carrier transit time is longer than the 

insulator's dielectric relaxation time, so the insulator's trap states cannot 

be filled, and the current cannot flow. (b) As the voltage applied to the 

bottom electrode increases, the charges injected from a-IGZO fill the 

deep trap states inside the insulator (strong injection), and the current 

begins to flow. While the traps are filled up, the quasi-fermi level (EFn) 

begins to rise close to the conduction band. The traps-filled-limited (TFL) 

conduction is when the EFn is located between the insulator's deep trap 

states and the shallow trap states. (c) While the voltage at the bottom 

electrode increases further, and the EFn is located just below the shallow 

trap states. (d) When the voltage applied to the bottom electrode becomes 

higher than a specific voltage (very strong injection), the insulator's 

shallow trap states are also filled by electrons injected from a-IGZO, 

showing trap-free conduction. 
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Figure 9. Band diagram showing that carrier transport inside the 

insulator following the SCLC mechanism depends on the amount of 

charge carrier injected from the outside. As the oxygen vacancies of a-
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IGZO are more filled, the charge carrier's amount accumulated at the 

interface decreases. Therefore, when the same voltage of 5 V is applied 

to the bottom electrode of every MIOSM TFD, the current level using a-

IGZO deposited at a low oxygen gas flow rate is relatively high. (a) In 

the condition of Ar : O2 = 25: 0 sccm, a-IGZO has the most oxygen 

vacancies relatively, so very strong injection occurs from the oxide 

semiconductor interface to the trap states inside the insulator at the same 

voltage. (b) When the oxygen partial pressure in the sputter chamber 

increases with Ar : O2 = 24 : 1 sccm, the oxygen vacancies are more filled, 

and fewer charge carriers are accumulated at the interface at the same 

voltage. As a result, strong injection occurs, and charge carriers injected 

inside the insulator move with traps-filled-limited conduction 

characteristics. (c) When the gas flow rate is Ar : O2 = 22:3 sccm, fewer 

charge carriers accumulate at the interface due to the more filled oxygen 

vacancies. Accordingly, weak injection occurs and shows a relatively 

lower current level at the same voltage. 
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3.2 The Mechanism of the Turn-on Voltage-controlled 

MIOSM TFDs with A-IGZO Film 

 

To verify whether the turn-on voltage of MIOSM TFD was caused 

by reducing oxygen vacancies in the a-IGZO, XPS analysis was 

performed (Figure 10a-e). When depositing an a-IGZO film on the 

insulator by RF Sputtering, to reduce oxygen vacancies, the O2 gas flow 

rate was increased from Ar : O2 = 25 : 0 to 24 : 1, 22 : 3, 20 : 5, and 18 : 

7 sccm. As a result, it was confirmed that as the O2 gas flow rate 

increased, the peak of the metal-oxygen (M-O) bond increased, and the 

peak of the oxygen vacancies decreased. A ratio of oxygen vacancies to 

M-O bonds and oxygen vacancies was also confirmed for a quantitative 

comparison of each condition's oxygen vacancies. As the Ar : O2 gas flow 

rate changed from 25 : 0 to 24 : 1, 22 : 3, 20 : 5, and 18 : 7 sccm, the 

proportion of oxygen vacancies to M-O bonds and oxygen vacancies 

significantly decreased to from 0.215 to 0.186, 0.167, 0.151, and 0.135. 

These results confirm that a-IGZO's number of charge carriers can be 

reduced by increasing the sputtering's oxygen flow rate. 
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Figure 10. Oxygen vacancy variation of MIOSM TFD's a-IGZO. XPS 

O1s spectra of a-IGZO with gas flow rate variations from (a) Ar : O2 = 

25 : 0 to (b) 24 : 1, (c) 22 : 3, (d) 20 : 5, and (e) 18 : 7 sccm. 
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For a more detailed explanation of the turn-on voltage shift induced 

by reducing the oxygen vacancies, all voltages applied to the bottom 

electrodes were assumed to be 5 V. (Figure 11a-c). According to the 

above experiment results, when measuring the J-V characteristics 

adjusting the Ar : O2 gas flow rate to 25 : 0, 24 : 1, and 22 : 3 sccm, each 

MIOSM TFD’s turn-on voltage was 0, 2, and 7 V (Figure 6a). Under the 

same voltage condition, when there are more oxygen vacancies than 

other a-IGZOs, a greater number of charge carriers can be injected into 

the insulator's trap states. Therefore, on the Ar : O2 = 25 : 0 sccm 

condition, which shows the relatively highest number of charge carriers, 

very strongly injected electrons already fill all trap states inside the 

insulator even at 5 V and reveal trap-free behavior (Figure 11a, 8d, and 

9a). Meanwhile, when a-IGZO is deposited with an Ar : O2 gas flow rate 

of 24 : 1 sccm, oxygen vacancies and charge carrier density is relatively 

reduced, resulting in a strong injection into the insulator's trap states 

(Figure 11b and 9b). In this case, traps-filled-limited conduction that 

partially fills the trap states inside the insulator occurs, and relatively 

low-level current flows (Figure 8b and 8c). For a-IGZO deposited with 

a gas flow rate of Ar : O2 = 22 : 3 sccm, the oxygen vacancies and carrier 

density are further reduced, resulting in weak injection (Figure 11c, 8a, 

9c). Therefore, the insulator becomes a dielectric relaxation state, and 
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MIOSM TFD maintains off state. Reducing oxygen vacancies in the a-

IGZO suggests that decreasing the density of charge carriers injected into 

the trap states of SiO2. In addition, the reduction in the number of charge 

carriers indicates that a higher voltage must be applied to fill the trap 

states and make the vertical current flow. This result is consistent with 

the tendency of decreasing the current level as the oxygen flow rate 

increases even at the current level for each gas flow rate compared based 

on the voltage reflecting the offset as the turn-on voltage is shifted (Table 

1 and Figure 12). Consequently, it suggests that the MIOSM TFD's turn-

on voltage can be accurately adjusted by controlling the amount of 

charge carrier injected into the insulator from the oxide semiconductor 

(electrode-limited conduction mechanism) while the insulator's material 

condition is kept constant (bulk-limited conduction mechanism). 



 

 

 ３０  

 

 

Figure 11. Relation between electrical current and the number of 

injected charge carriers. Schematic diagram of charge carrier conduction 

in the MIOSM (p++ Si/100-nm SiO2/40-nm a-IGZO/100-nm Al) TFDs. 

When 5 V is applied to all bottom electrodes, the insulator's trap states 

are filled differently according to the difference in the number of charge 

carriers injected from a-IGZO layer. (a) Since a-IGZO's oxygen vacancy 

is relatively high, all the trap states are filled by very strong injection, 

and trap-free conduction appears, showing the highest amount of current 

even at the same voltage. (b) Parts of the trap states are filled by strong 

injection, resulting in traps-filled-limited conduction. (c) Since the 
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oxygen vacancy of a-IGZO is relatively the least, dielectric relaxation 

becomes dominant by weak injection, and current cannot flow. 
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Figure 12. Space-charge-limited conduction (SCLC) characteristics of 

the MIOSM devices. Log J-log V characteristics and fitted slope values 

for verifying SCLC mechanism of the MIOSM (p++ Si/100-nm SiO2/40-

nm a-IGZO/100-nm Al) TFDs depending on the difference of a-IGZO 

deposition state by gas flow rate variation from Ar : O2 = 25 : 0 to 24 : 1, 

22 : 3, 20 : 5, and 18 : 7 sccm using radio frequency sputter system  
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Table 1. MIOSM TFD's current level comparison for each gas flow rate 

reflecting the turn-on voltage shift offset. 

 

 

 

Current levels were compared to reference data reflecting the turn-on 

voltage offset for each gas flow rate condition. The current level 

compared by applying an offset to the voltage shows a tendency that the 

on-current level decreases at the same voltage as the O2 gas flow rate 

relative to Ar increases during sputtering. This result is consistent with 

the XPS analysis (Figure 10 and 12) that a-IGZO's oxygen vacancy 

decreases as the O2 gas flow rate increases during sputtering. 
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3.3 Fine Turn-on Voltage Control according to the Change 

of Operating Voltage Range of MIOSM TFD 

 

On the other hand, using the bulk-limited conduction mechanism 

based on the above results, demonstrating the turn-on voltage shift in the 

low voltage driving MIOSM TFD is possible. Figure 13a shows the 

structure of MIOSM TFD in which a relatively thin 9-nm HfOX is 

applied as a charge transport layer. P++ Si was used as the bottom 

electrode, 100-nm Al was used as the top electrode, and 40-nm a-IGZO 

was used as the charge injection layer. The I-V measurement was 

conducted by applying a voltage in the range of ±4 V in which insulation 

breakdown did not occur. To make a turn-on voltage change in the 

narrow operating voltage range, Ar : O2 gas flow rate was changed from 

25 : 0 to 24 : 0.5, 24 : 1, 24 : 1.5, 24 : 2, and 24 : 2.5 sccm. As a result, 

when insulator thickness was reduced from SiO2 100 nm to HfOX 9 nm, 

the operating voltage range decreased from ±50 V to ±4 V, and the turn-

on voltage range also decreased from 0-19 V to 0-1.20 V (Table 2). 

Figure 13b and 13c show that the turn-on voltage moved from 0.00 V to 

0.24, 0.60, 0.83, 1.09, and 1.20 V (Table. 2). To analyze these results, 

XPS analysis was performed for a-IGZO layer (Figure 14a-f). When 

depositing an a-IGZO film on the insulator by RF Sputtering, to reduce 
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oxygen vacancies, the O2 gas flow rate was increased from Ar : O2 = 25 : 

0 to 24 : 0.5, 24 : 1, 24 : 1.5, 24 : 2.0, and 24 : 2.5 sccm. As a result, it 

was confirmed that as the O2 gas flow rate increased, the peak of the M-

O bond increased, and the peak of the oxygen vacancies decreased when 

the 9-nm HfOX was applied. As the O2 gas flow rate was increased, the 

proportion of oxygen vacancies to M-O bonds and oxygen vacancies 

decreased from 0.215 to 0.187, 0.181, 0.177, 0.173, and 0.172. These 

results confirm that a-IGZO's number of charge carriers was reduced by 

increasing the sputtering's O2 flow rate. MIOSM TFDs with the same 

oxide semiconductor conditions (gas flow rate of Ar : O2 = 24 : 1 sccm) 

and different insulator thicknesses (100-nm SiO2 and 9-nm HfOX) were 

also compared (Figure 15, and 16). By the strong injection of charge 

carriers from a-IGZO to the trap states inside the insulator, the current 

was 4 × 10-7 A at 5 V for 100-nm SiO2, and 1.5 × 10-7 A at 1 V for 9-

nm HfOX (Figure 6b and 13b). While the current was similar, the voltage 

dropped from 5 V to 1 V. The reason why thinner insulators exhibit 

similar amounts of current even at lower voltages as thick insulators with 

higher voltages is that the total amount of internal trap states of 9-nm 

insulator is much smaller than that of 100 nm insulator. When the 

thickness is decreased, the amount of trap states that the injected 

electrons fill is also reduced. As a result, trap states can be filled faster 
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and converged to the trap-free region even at a lower voltage. 
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Figure 13. Changes in turn-on voltage and operating voltage range as 

insulator thickness decreases (low voltage operating diode). (a) 

Schematic structure of the MIOSM device consisting of p++ Si/9-nm 

HfOX/40-nm a-IGZO/100-nm Al. (b) Log-linear and (c) log-log plots of 

the turn-on voltage shift curve of MIOSM TFDs depending on the gas 

flow ratio variation from Ar : O2 = 25 : 0 to 24 : 0.5, 24 : 1.0, 24 : 1.5, 

24 : 2.0, and 24 : 2.5 sccm of a-IGZO deposition using radio frequency 

sputtering system. 
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Figure 14. Oxygen vacancy composition of a-IGZO-based MIOSM 

TFDs with different gas flow rate. XPS O1s spectra of a-IGZO with 

variation of Ar : O2 gas flow rate from (a) 25 : 0 to (b) 24 : 0.5, (c) 24 : 

1.0, (d) 24 : 1.5, (e) 24 : 2.0, and (f) 24 : 2.5 sccm using radio frequency 

sputtering system. 
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Figure 15. Schematic diagram of MIOSM conduction with (d) thick and 

(e) thin insulator when both diodes show the same level of current. 
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Figure 16. Band diagram shows that when the insulator is thicker, a 

higher voltage must be applied to achieve the same current level. (a) 

When 100-nm-thick SiO2 is applied, 5 V is required to achieve 4 × 10-

7 A. On the other hand, (b) when 9-nm-thick HfOX is applied, a lower 

voltage of 1 V is sufficient to achieve 1.5 × 10-7 A. When the insulator's 

thickness is thicker, the amount of charge carriers to fill the trap states 

inside the insulator is required more than the thin insulator. As a result, 

when the thickness of the insulator is relatively thin, the trap states inside 

the insulator are filled at a lower voltage and the trap-free region appears 

more quickly. Conversely, a thicker insulator requires a relatively larger 

amount of charge carriers to fill the trap states, resulting in a trap-free 

region at higher voltages. 
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Table 2. Turn-on voltage and slope change in TFL region according to 

gas flow rate and insulator thickness change. 

 

 

 

The turn-on voltages and the highest slope values in the traps-filled-

limited (TFL) region depending on the insulator thickness and the 

variation of Ar : O2 gas flow rate during a-IGZO deposition by radio 

frequency sputtering system. (uncertainty: a 95% confidence level is 

used)  
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Therefore, the reason that the highest slope value in the TFL region 

of log J-log V increases as the oxygen flow rate increases during a-IGZO 

deposition can be explained by the amount of charge carrier required to 

fill the trap states. The current begins to flow inside the insulator 

following the TFL conduction when the density of injected carriers (𝑛i) 

exceeds the density of thermally generated free carriers (𝑛0)
28. Therefore, 

when the insulator's thickness and temperature are fixed, the density of 

thermally generated free carriers is also defined, and a condition 𝑛0 < 𝑛i 

must be satisfied for TFL conduction to start inside the insulator. 

Consequently, to satisfy the 𝑛0 < 𝑛i  condition, a certain amount of 

charge carrier must be injected into the insulator. The voltages satisfying 

the 𝑛0 < 𝑛i  are different for each a-IGZO deposition condition, and 

under the gas flow rate of Ar : O2 = 18 : 7 sccm condition, the turn-on 

voltage is the largest (19 V) because a-IGZO with the most reduced 

oxygen vacancy is used. Meanwhile, after applying the turn-on voltage 

of 19 V, charge carriers fill the trap states faster than other conditions 

because the voltage is higher than other conditions, resulting in TFL 

conduction with the steepest slope value. Similarly, when the 9-nm HfOX 

is applied, as the turn-on voltage is shifted to a more positive value, the 

rate at which trap states are filled increases after the diode is turned on, 

and a larger slope value is shown in the TFL region. Thin insulators have 
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a lower slope than thick insulators because the number of  trap states to 

be filled is lower, and MIOSM TFD is turned on at a relatively low 

voltage (Figure 17). MIOSM TFDs, which can be driven at low voltage 

by applying a thin insulator, were also verified to comply with Child's 

law in the TFL region and satisfy equation (1) as the voltage increased 

(Figure 18). The breakdown test confirmed that the MIOSM TFD's 

operating voltage range could be controlled by changing the insulator's 

thickness. When reverse and forward bias were applied to the bottom 

electrode of MIOSM TFD, the thick SiO2 layer showed 10 times higher 

withstand voltage than the thin HfOX layer (Figure 19 and Table 3). 
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Figure 17. Changes in the electrical characteristics of a MIOSM TFDs 

according to a-IGZO's oxygen vacancy and insulator's thickness control. 

Log J-log V characteristics of the MIOSM TFDs in the traps-filled-

limited (TFL) region depending on the insulator thickness and the 

variation of Ar : O2 gas flow rate during a-IGZO deposition by radio 
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frequency sputter. The fitted slope value represents the highest slope 

value in the TFL region. The reason for showing a higher slope value 

when the turn-on voltage is higher is that charge carriers fill the trap 

states more rapidly inside the insulator as the MIOSM TFD turns on at a 

higher voltage. (a) Electrical properties change when 100-nm SiO2 and 

various a-IGZO deposition gas flow rates (Ar : O2 = 24 : 1, 22 : 3, 20 : 5, 

and 18 : 7 sccm) are applied. (b) Changes in diodes' electrical properties 

when 9-nm HfOX and various a-IGZO deposition gas flow rates are 

applied from Ar : O2 = 24 : 0.5 to 24 : 1, 24 : 1.5, 24 : 2, and 24 : 2.5 

sccm. 
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Figure 18. SCLC characteristics of the MIOSM TFDs applying thin 

insulator. Log J-log V characteristics and fitted slope values for verifying 

SCLC mechanism of the MIOSM (p++ Si/9-nm HfOX/40-nm a-

IGZO/100-nm Al) TFDs depending on the difference of a-IGZO 

deposition state by gas flow rate variation from Ar : O2 = 25 : 0 to 24 : 

0.5, 24 : 1.0, 24 : 1.5, 24 : 2.0, and 24 : 2.5 sccm using radio frequency 

sputter system. 



 

 

 ４７  

 

 

Figure 19. Breakdown voltage test of MIOSM TFD using (a) 100-nm-

thick SiO2 and (b) 9-nm-thick HfOX as an insulator. Breakdown voltages 

were compared under the conditions of Ar : O2 gas flow rates of 25 : 0 

vs 18 : 7 sccm for SiO2 and 25 : 0 vs 24 : 2.5 for HfOX, respectively. 
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Table 3. Reverse and forward breakdown voltage of the MIOSM TFDs 

 

The breakdown voltage of MIOSM TFD according to forward and 

reverse bias applied to the bottom electrode when using 100-nm-thick 

SiO2 and 9-nm-thick HfOX. 
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Chapter 4. Conclusion 

 

In summary, I have analyzed the factors that can accurately control 

the turn-on voltage of the MIOSM TFD. The MIOSM TFD starts to 

operate when the carrier transit time is shorter than the time required for 

the insulator's dielectric relaxation. The turn-on voltage and operating 

voltage range are affected by the thickness of the insulator. As the 

insulator's thickness changes, the amount of trap state filled by the 

injected charge carriers also varies. Consequently, in a diode with a 

relatively thin insulator, the injected electrons fill a smaller amount of 

trap state, so that the MIOSM TFD shows a higher current level than 

when using a thick insulator at the same voltage. When the insulator is 

relatively thick, the amount of trap state increases, and as a result, a 

higher voltage is required to reach the trap-free region even under the 

same oxide semiconductor condition. When the insulator thickness and 

trap states are determined, the turn-on voltage depends on the number of 

charge carriers injected from the oxide semiconductor. Therefore, the 

diode's turn-on voltage can be shifted by regulating the amount of charge 

carrier injected into the insulator from a-IGZO by oxygen vacancy 

control. MIOSM TFDs show excellent rectification ratio of over 106 and 

stable electrical characteristics with accurately shifted turn-on voltage 
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and follow the SCLC mechanism. In this study, the turn-on voltage was 

precisely set within 0 V to 19 V in high voltage driving diode and 0 V to 

1.20 V in low voltage driving diode. A new method of controlling the 

turn-on voltage of the MIOSM TFD based on the oxide semiconductor's 

oxygen vacancy and the change in the insulator's thickness is expected 

to meet various diode specifications required in the next-generation 

oxide-based thin-film electronics field. 
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요 약 (국문 초록) 

최근 MIOSM (Metal-Insulator-Oxide Semiconductor-

Metal) 박막 다이오드 (TFD)는 높은 정류 율을 갖으며 넓은 

전압 범위에서 동작하는 장점이 있어 차세대 다이오드로 

주목받고 있다. 하지만 박막을 사용하는 전자 장치의 회로 

설계 편의와 확장성을 위해 MIOSM TFD의 정밀 턴온 전압 

제어가 필요하다. 이 논문에서는 MIOSM TFD의 턴온 전압을 

간단하고 정확하게 변경하는 방법과 메커니즘을 보고한다. 

MIOSM TFD의 턴온 전압 제어는 절연체 내부에 채워진 트랩 

상태의 양과 절연체에 주입되는 전하 캐리어의 수를 조정하여 

쉽게 설정할 수 있다. a-IGZO를 RF Sputtering 증착 시 Ar:O2 

가스 유량 비율을 조정하는 방법으로 손쉽게 전하 캐리어 

밀도를 조절할 수 있다. MIOSM TFD의 턴온 전압은 ± 4V의 

낮은 작동 전압 범위에서 뿐만 아니라 ± 50V의 높은 작동 

전압 범위까지도 자유롭게 설정할 수 있다. 또한 턴온 전압이 

이동한 상태에서도 여전히 106이상의 높은 정류 율을 

유지한다. MIOSM TFD의 턴온 전압을 쉽고 정확하게 제어할 

수 있는 새로운 방법과 분석된 메커니즘은 다이오드의 적용 

성과 확장 성을 가속화할 것으로 기대한다. 

주요어 : 턴온 전압 이동, 산소 공석, a-IGZO, 산화물 박막 다이오드 

학  번 :  2019-20361 


	1. Introduction 
	1.1  The Thin Film Diodes (TFDs) 
	1.2  New Type of TFDs Based on Oxide Materials 
	1.3  Purpose of MIOSM TFD's Turn-on Voltage Controll 

	2. Experimental Process
	2.1  Fabrication of Turn-on Voltage-controlled MIOSM TFD
	2.2  Characterizations 

	3. Results and Discussion 
	3.1  Electrical Conductions and Turn-on Voltage Shift in MIOSM TFDs 
	3.2  The Mechanism of the Turn-on Voltage-controlled MIOSM TFDs with A-IGZO Film 
	3.3  Fine Turn-on Voltage Control according to the Change of Operating Voltage Range of MIOSM TFD 

	4. Conclusion
	References 
	초록 (국문) 


<startpage>13
1. Introduction  1
 1.1  The Thin Film Diodes (TFDs)  1
 1.2  New Type of TFDs Based on Oxide Materials  3
 1.3  Purpose of MIOSM TFD's Turn-on Voltage Controll  5
2. Experimental Process 7
 2.1  Fabrication of Turn-on Voltage-controlled MIOSM TFD 7
 2.2  Characterizations  9
3. Results and Discussion  10
 3.1  Electrical Conductions and Turn-on Voltage Shift in MIOSM TFDs  10
 3.2  The Mechanism of the Turn-on Voltage-controlled MIOSM TFDs with A-IGZO Film  26
 3.3  Fine Turn-on Voltage Control according to the Change of Operating Voltage Range of MIOSM TFD  34
4. Conclusion 49
References  51
초록 (국문)  56
</body>

