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Abstract 

A Study of Metal Influence on 

Widening Operating Voltage of  

Oxide Thin Film Diodes 

 

Jun-Woo Park 

Program in Nano Science and Technology 

Department of Transdisciplinary Studies 

The Graduate School of 

Seoul National University 

 

Recently, a new type of oxide thin-film diode based on hetero-

interface between oxide semiconductor and insulator has been 

reported. The metal / insulator / oxide semiconductor / metal 

structured MISM diode exhibits excellent rectification ratio and stable 

current behavior. In particular, the on-current level can be controlled 

by adjusting the dielectric constant and thickness of the insulators. 

Controlling of turn-on voltage and expanding operating window are 
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critical features for making more diverse MISM diodes. However, 

these have not yet been studied. Thus, we demonstrate a simple 

process for the first time that can control the turn-on voltage of the 

MISM diode. We propose engineering the interface between the top 

metal and oxide semiconductor layers. The turn-on voltage of MISM 

diodes has been found to shift significantly depending on the oxide 

semiconductor and top electrode material combination. Using 

aluminum for the top metal of the diode, the turn-on voltage is 0 V, 

which is significantly different from 14.4 V when using silver. 

Moreover, when titanium was deposited first before silver, the turn-

on voltage shows 0 V. Therefore, we suggest a new fundamental 

technique to expand the operating window of the MISM diode. 

 

 

Keywords       :       oxide thin film diode, hetero-interface, 

                        metal–oxide semiconductor junction, 

                        contact resistance, operating voltage 
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1. Introduction 

 

1.1 Current Trend in Oxide Thin Film Diodes 

 

 One of the most significant technologies in the past century has been 

Si-electronics, especially thin film diodes(TFDs), and thin film 

transistors(TFTs) applied to various electronic devices.[1-6] 

Conventional methods of making TFDs and TFTs using silicon-based 

crystalline semiconductors utilize junctions between crystalline silicon 

semiconductors doped with n-type and p-type and insulating thin films. 

However, TFTs and TFDs based on crystalline silicon semiconductors 

are unsuitable for fabricating next-generation electronic products 

such as transparent devices and large area displays. Silicon is opaque, 

and it is difficult to deposit crystalline semiconductor on a large area. 

[7] Therefore, transparent and amorphous semiconductors are 

necessary conditions for the fabrication of next generation electronic 

devices. 

 These days, beyond the Si-electronics, oxide electronics based on 

novel metal oxide semiconductors have been developed.[8-11] Notably, 
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Prof. Hosono Hideo's research group has developed n-type oxide 

semiconductors with stable and high performance using oxide TFTs 

based on indium-gallium-zinc oxide (IGZO) semiconductors in the 

display industry.[12-16] Now, SHARP (IGZO Display), Samsung Display, 

LG Display, and other industry powerhouses have produced advanced 

display devices utilizing oxide TFTs as a switching component, which 

is one of the key technologies in the current OLED display industry.[17-

19] 

 Nevertheless, oxide thin film diodes have various tasks that need to 

be solved for use as oxide electronics. The research for the oxide thin 

film diodes has mainly focused on implementing a p-n junction oxide 

diode, which is using the p-type and n-type oxide semiconductor thin 

films.[20-23] However, most of the oxide semiconductor materials have 

a limitation that it is difficult to implement p-type semiconductors 

inherently due to the existence of a lot of trap sites near the valence 

band.[24,25]  Also, as the most metal oxide thin films are deposited in 

an amorphous state, there is a fundamental obstacle in controlling the 

depletion region at the p-n junction interface precisely.[26] 
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1.2 New Oxide Hetero-junction Thin Film Diode 

 Recently, we reported on the novel oxide thin film diode structures 

that can solve these problems. [27,28] In previous reports, oxide thin-

film diodes have a hetero-junction structure of n-type oxide 

semiconductors and insulator. The multilayered device structure is 

made up of metal / insulator / oxide semiconductor / metal (MISM) 

(Figure 1). The MISM diodes rectify the vertical electrical current by 

controlling the movement of vertical electrons flowing at the interface 

between the insulating thin films and the oxide semiconductor thin 

films. When a voltage is applied to both ends of the metal electrode, 

the MISM diode exhibits exceptional rectification characteristics with 

on / off current ratios reaching up to 108 within a voltage regime of -

100 V < V < 100 V.  The device also reveals excellent stability and 

reproducibility in addition to the easy on-off current ratio modification 

of the MISM diode by controlling the oxide insulator film thickness. 
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Figure 1. A schematic structure of the oxide thin film diode with Metal 

electrode / Insulator / Oxide Semiconductor / Metal electrode (MISM).  

  

Top electrode 
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1.3 Characteristics and Mechanism of MISM Diodes 

 

 The MISM diode with the Al top electrode exhibits an exceptional 

rectifying characteristic: the vertical electrical current only flows 

when a positive bias is applied to the bottom electrode (Figure 2). The 

electrons flow through the work function of the top electrode and the 

conduction band of oxide semiconductor along the vertical electric 

field. After that, the electrons move to the interlayer of the oxide 

semiconductor and the oxide insulator. At the hetero-interface, the 

electrons in the conduction band of the oxide semiconductor easily 

launch to the conduction band of the insulator because the hetero-

junction makes the energy barrier height nearly negligible.[27,28] The 

electrons, then, pass through the conduction band of the insulator and 

arrive at the bottom electrode. Contrarily, when the bottom electrode 

is biased negatively, the electrons cannot overcome the energy barrier 

height between the bottom electrode and the insulator. Consequently, 

rectification characteristics can be found along the direction of the 

electric field at both ends. Based on these results, the oxide 

semiconductor layer is referred to as the “electron-injecting layer” 

while the oxide insulating layer is known as “electron-transporting 
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layer” in previous studies.[27,28] The behavior of transporting electrons 

along the conduction band of the oxide insulating layer follows a 

space-charge-limited current (SCLC) mechanism: 

𝐽 = 𝜎0 [
𝜀𝑜𝜀𝑖𝑙 sin(𝜋 𝑙⁄ ) 𝑙4

𝑞(𝑙 + 1)𝐵𝐶2𝛼3
]

𝑙

(
2𝑙 + 1

𝑙 + 1
)

2𝑙+1

(
1

𝑑
)

2𝑙+1

𝑉𝑙+1,       (1) 

where  𝐽 is the rectified current value. 𝑙 = 𝑇0 𝑇⁄ , where temperature 

(𝑇 ) and the trap-characteristic temperature (𝑇0 ), the conductivity 

prefactor (𝜎0), the electrical permittivity in a vacuum(𝜀𝑜), the relative 

dielectric constant (𝜀𝑖), the electronic charge (𝑞), the critical number 

of  percolation onset (𝐵𝐶), the effective overlap parameter (𝛼), the 

thickness of the insulator (𝑑) and the applied voltage (𝑉) are the factors 

that determine rectification characteristics in the vertical 

direction.[27,28] 
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Figure 2. A schematic diagram of charge flow principle inside MISM 

diode. 

 

  

Metal- 
Oxide Semiconductor 

Contact 

Oxide Semiconductor- 
Insulator 
Contact 

(Vertically Ohmic-like) 

-40 to 0 V 

0 V 

Top Electrode 

Electron-Injection 
Layer 

Electron-Transfer 
Layer 

Bottom Electrode 

0 to 40 V 

e 

e 

Vertical Current 
Flow 

0 V 



- 8 - 

1.4 Expansion of MISM Diodes’ Operating Window 

 

 Meanwhile, controlling the only on / off current ratio of the diodes 

has a limitation in utilizing the diodes for various application. In order 

to apply the oxide thin film diodes to various electronic circuits, it is 

essential to control the turn-on voltage of the diodes precisely. For 

example, metal-insulator-metal (MIM) diodes have expanded the 

operating window by manipulating the asymmetry of the current-

voltage characteristics. As a result, various types of MIM diodes have 

been developed and utilized in industry.[29-31] 

 On account of this need, herein we developed the first technology 

that dramatically increases the operating window of oxide thin-film 

diodes through the simple interface engineering of oxide 

semiconductors and top electrode materials of MISM diodes. We also 

demonstrated that selective control of the turn-on voltage in the same 

MISM diode structure is possible by the inserting metal buffer layer. 

We have expanded the turn-on voltage (VON) of the MISM diode from 

0 V to 14.4 V through changing the top metal electrode material. The 

engineering, which controls between the oxide semiconductor and the 

metal junction interface, allows the control of the current level at a 
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specific voltage, thus enabling the integration with various electronic 

devices. Therefore, we confirmed for the first time that simple 

interface engineering can substantially expand the industrial 

application of novel oxide thin film diodes (MISMs). 
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2. Experimental Process 

 

2.1 Fabrication and Measurement of MISM Diodes 

 

Preparation of bottom electrode and oxide insulator layer: The 200-nm 

thick SiO2 oxide insulator layer was grown on the highly boron-doped 

p-type silicon wafer by dry thermal oxidation method. All wafers were 

cut to size of a 2-square centimeter and cleaned with detergent, de-

ionized water, acetone, and isopropyl alcohol. 

 

Fabrication of the semiconductor films: The 30-nm thick indium-

gallium-zinc-oxide (IGZO, In:Ga:Zn:O=1:1:1:4 at%, 99.99%) and zinc 

oxide (ZnO, 99.99%) semiconductor layers were deposited on a 200-

nm SiO2 oxide insulator using a radio-frequency magnetron sputtering 

system, under 10-6 Torr at room temperature. The oxide 

semiconductor layers having an area of 1.5-square centimeter were 

patterned via metal shadow masks to prevent the side-contact effect 

of the bottom electrode and the semiconductor layer. The 200-μm-

width active channel for the transmission line method was also 
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deposited using a metal shadow mask. After the deposition, IGZO and 

ZnO were subjected to rapid thermal annealing treatment at 425℃ for 

90 seconds and at 350℃ for 60 seconds under air atmosphere, 

respectively. A 30-nm thick indium-zinc-oxide (IZO, 0.2 M I0.7Z0.3O) 

oxide semiconductor layer was coated on a 200-nm SiO2 oxide 

insulator using a sol-gel solution process. A precursor solution was 

prepared via dissolving 0.84 g of indium hydrate (In(NO3)3 × H2O, 

Aldrich, 99.999%) and 0.36 g of zinc nitrate dihydrate (Zn(NO3)2 × 

H2O, Aldrich, 99.999%) in 10 ml of 2-methoxyethanol. After the 

coating, The IZO thin film was annealed on a hot plate at 350 ℃ for 1 

hour. IZO, which has a different ratio of indium to zinc (I0.1Z0.9O, I0.3Z0.7O, 

and I0.5Z0.5O), was prepared by dissolving in 2-methoxyethanol while 

replacing the relative molar composition using only different amounts 

of indium hydrate and zinc nitrate dehydrate (In:Zn=0.12 g:1.08 g, 0.36 

g:0.84 g, and 0.6 g:0.6 g ), respectively. 

 

Deposition of the top electrodes: The top electrodes were deposited 

by thermal evaporation system using pelletized aluminum (Al, 99.99%), 

silver (Ag, 99.99%) and titanium (Ti, 99.99%) sources. A circular 

electrode having a diameter of 500 micrometers was formed using a 

metal shadow mask. The source and drain electrodes for the 



- 12 - 

transmission line method were also deposited using a metal shadow 

mask. 

 

Characterization of the fabricated devices: The current-voltage 

characteristics were measured in the dark using an Agilent 4155B 

semiconductor parameter analyzer. 
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2.2 Fabrication of TLM Device 

 

Device fabrication for Transmission Line Method (TLM) measurement: 

We used a wafer on which a 200-nm thick SiO2 layer was thermally 

grown on a p ++ silicon device with a 1-square inch. IGZO and ZnO 

channel layers were deposited using radio-frequency magnetron 

sputtering system and the metal shadow mask on SiO2. Each of the 

oxide semiconductors has a thickness of 30-nm and a width of 200-

μm. After the deposition, annealing is performed at 425 ° C for 95 

seconds and at 350 ° C for 60 seconds via rapid thermal annealing 

(RTA). The source and drain electrodes were made of aluminum (Al) 

and silver (Ag), respectively, and 50-nm thick electrodes were 

deposited by a thermal evaporation method using a metal shadow mask. 

The spacing of each electrode is 30, 50, 70, and 90 μm. 
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2.3 Contact Resistance Measurement 

 

Characterizing the contact resistance from Transmission Line Method 

(TLM) measurement: The TLM is structurally similar to a bottom-gate, 

top-contact, thin film transistor (TFT) with several different channel 

lengths. When the drain voltage (VDS ) is much smaller than the 

difference between the gate voltage (VGS) and the threshold voltage 

(VTH), the TLM device operates in a linear region[32-34]. In the linear 

region of the device, the total resistance is expressed by Equation (2): 

RT = 
VDS

IDS
 = 

L − ∆L

μ
EFF

COX𝑊(VGS − VTH)
 + RC,                 (2) 

where, RT  is the total resistance between each source-drain 

electrode. The contact resistance ( RC ) is determined by the 

relationship of the drain current (IDS), channel length (𝐿), channel 

length modulation ( ∆𝐿 ), effective mobility ( μ
EFF

), gate dielectric 

capacitance (COX), and channel width (𝑊).[32-34]  In each case, the 

channel width is 200 μm, while the channel length varies among 30, 

50, 70, and 90 μm. We measured the drain current (IDS) in a linear 

region (VDS=0.1 V) for each channel length to obtain the RT at each 

gate voltage(VGS=15, 16, 17, 18, 19, and 20 V). Thereafter, the total 
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resistance (RT) can be determined via Equation (2). Since other values, 

including the total resistance (RT ), are now constant, the contact 

resistance (RC) can be obtained when channel length modulation (∆𝐿) 

is determined. As a result, the relationships between channel length 

and total resistance for each metal-oxide semiconductor interface are 

plotted for multiple gate voltages. Consequently, the plotted results 

are linearly fitted. 
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3. Results and Discussion 

 

3.1 Expanding Operating Window of MISM Diode 

 

 The vertical electrical current level of the MISM diode with Al top 

electrode show well-rectified characteristics: very low current levels 

of under 5.98 × 10-9 A on negative voltage regions, otherwise steeply 

increasing current values on positive bias ranges. The current 

rectifying ratio of the device reaches 9.36 × 10-6 at 40 V, and the 

vertical currents begin to increase at V=0 V (Figure 3a). The MISM 

diode with the Ag top electrode shows the similar current value as the 

device using the Al top electrode in the negative voltage ranges. 

However, surprisingly, the turn-on voltage shifts more than 10 V 

(VON=14.4 V), on-state current value differs by approximately one 

order at 40 V when compared to Al (Al: 2.79 × 10-4 A, Ag: 4.62 × 

10-5 A). In the case of Al, the diode current flows well along the 

reported SCLC mechanism without turn-on voltage shift in the 

current-voltage log-log plot (Figure 3b). However, in the case of Ag 

top electrode, the vertical current maintains a very low value before 

turn-on and then starts to converge to the SCLC mechanism after 
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turn-on. Considering the theoretical Schottky barrier height, which is 

the difference between the work function of the top metal and the 

electron affinity of IGZO,[35-37] the turn-on voltages and on-off current 

ratios of the MISM devices using Al or Ag[38,39] top electrodes are 

expected to be similar or slightly different (Table 1). However, the 

current-voltage measurement results were distinctly different from 

expected. Consequently, using the interface engineering between the 

top metal and oxide semiconductor, the turn-on voltage of the MISM 

diode can be controlled, along with the on-off current ratio. Therefore, 

this interface engineering technology provides a more selective 

control for the current-voltage, by expanding the operating window of 

MISM diodes. 
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Figure 3. The electric characteristics of the oxide thin film diode 

having IGZO layer with different top electrodes. (a) The vertical 

currents begin to increase at V=0 V with the Al, and V=14.4 V with 

the Ag. (b) The vertical current of IGZO / Al follows SCLC mechanism 

from 0 V, but for IGZO / Ag maintains a very low value before turn-on 

and then starts to converge to the SCLC mechanism after turn-on. 

  

(a) 

(b) 
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Table 1. Work function, electron affinity, and Schottky barrier height 

of each material. (a) Theoretical Schottky barrier height of IGZO / Al 

and IGZO / Ag contacts (b) Theoretical Schottky barrier height of ZnO 

/ Al and IGZO / Ag contacts  

IGZO Al Ag Reference 

𝛷M 4.06 - 4.26 4.26 - 4.74 
32-36 

𝛷B -0.1 - 0.1 0.1 - 0.58 

ZnO Al Ag Reference 

𝛷M 4.06 - 4.26 4.26 - 4.74 
32-38 

𝛷B -0.2 - 0.09 0.09 – 0.39 

𝛷B = 𝛷M − 4.16* 

Unit : [eV] 

(a) 

𝛷B = 𝛷M − 4.35* 

𝛷B : Schottky barrier height 

𝛷M : Work function of metal 

∗ : electron affinity of each oxide semiconductor 

Unit : [eV] 

(b) 



- 20 - 

3.2 Comparison of Rectification Characteristics with 

Other Oxide Semiconductors 

 

 To verify whether this unusual current-voltage behavior occurs in 

the MISM diodes using other oxide semiconductors, we examined the 

electrical behavior of the device with 30-nm thick zinc-oxide (ZnO) 

and indium-zinc-oxide (IXZ1-XO). The ZnO layer was deposited with 

the radio-frequency magnetron sputtering system, and the IZO films 

were coated via a solution process. Further fabricating details of IZOs 

are provided in the experimental process. The ZnO material is a well-

known n-type oxide semiconductor like the IGZO, and the electron 

affinity values (ZnO: 4.35 eV, IGZO: 4.16 eV) of the two materials are 

similar. [37,40,41] Also, the Schottky barrier heights of the ZnO with Al 

or Ag metal are almost the same as with IGZO (Table 1).[35-41] However, 

the current-voltage plot of the MISM diode with the ZnO is entirely 

different from that of IGZO (Figure 4a). When the Ag is used as the top 

electrode on the ZnO film, VON shifts 2.4 V, which differs by 12 V 

compared to VON shift of 14.4 V in the device with the IGZO. On the 

contrary, when the Al is used as the top electrode, the VON shift of the 

two devices using the ZnO and IGZO shows a similar value: IGZO 
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(VON=0 V) and ZnO (VON=-0.8 V). Next, the MISM device using the IZO 

(0.2 M I0.7Z0.3O) film were explored to verify the characteristics 

changes when the indium (In) component was added to the ZnO. 

Surprisingly, there are no current signals in the MISM device with the 

IZO / Ag contact within the entire voltage range, on the other hand, a 

large amount of vertical current flows when the Al top electrode is 

used (6.00 × 10-6 A at 40 V) (Figure 4b). 

 It can be deduced that the degree of the VON shift varies widely 

depending on the presence or absence of the indium (In) component in 

the oxide semiconductor contacted with the Ag top electrode. To 

verify that the In content affects the VON shift of the MISM diodes, the 

IXZ1-XO films with three different compositions (0.2 M, I0.1Z0.9O, I0.3Z0.7O, 

and I0.5Z0.5O) were examined as the oxide semiconductor films in the 

MISM device (Figure 4c). The measured current-voltage results in the 

MISM diodes with the IZOs / Ag contacts indicate that the current 

levels of the positive bias are enhanced as the indium (In) content is 

lowered. Therefore, these are manifest evidence that the presence and 

amount of the indium (In) in oxide semiconductors affect significantly 

the characteristics of the vertical current flow and the VON shift in the 

MISM diodes when using the Ag as the top metal. 
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Figure 4. The electric characteristics of the oxide thin film diode 

having different oxide semiconductors and electrodes. Current-

voltage curves for ZnO / Al or ZnO / Ag, (b) IZO / Al or IZO / Ag, and 

(c) IXZ1-XO / Ag. 

 

  

(c) 

(a) (b) 
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3.3 Contact Resistance Measurement of Interface 

between Metal and Oxide Semiconductor 

 

 To confirm whether or not the contact resistance of the oxide 

semiconductor / top metal interface increases by a certain chemical 

reaction of the In and Ag contacts, we measured the contact resistance 

of each of the IGZO / Al, ZnO / Al, IGZO / Ag and ZnO / Ag interfaces 

using a transmission line method (TLM).[33-35] The TLM measurements 

and the process of fabricating the TLM device are introduced in the 

experimental section. The plotted values between the channel length 

(L) and the total resistance (RT) for the IGZO and Al or Ag contacts 

exhibit linear relationships for multiple gate voltages (VGS) (Figure 5a, 

b). In the device with the IGZO / Al contact, the extracted contact 

resistance (RC) is independent of VGS. Therefore, the intersection point 

of each linear function shows the common solution (channel length 

modulation, Δ𝐿 ) for the L. The calculated channel length 

modulation(Δ𝐿) is 23.77 μm, and the contact resistance between the 

IGZO / Al contact is 987.7 Ω (inset of Figure 5a). In the device with 

the IGZO / Ag contact, however, the RC becomes dependent on the VGS 

and increases 3 to 5 times higher (3372 Ω to 5807 Ω) than for the 
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IGZO / Al contact (Figure 5b, Table 2). This result can be understood 

more clearly by the width-normalized contact resistance (RC∙W) 

(Figure 5c). When the VGS is changed from 15 V to 20 V, the RC∙W 

value is constant for the IGZO / Al contact, while, the RC∙W is 

dependent on the VGS for the IGZO / Ag contact. The RC∙W of IGZO / 

Ag contact is also 3 to 5 times higher than that of the IGZO / Al contact. 

From these results, we can see that the contact resistance of the oxide 

semiconductor / top electrode decreases as the applied gate voltage 

increases. Therefore, in the device of IGZO / Ag contact, the vertical 

current hardly flows in the low positive voltage ranges due to the high 

contact resistance (Figure 5c,d). However, as the positive bias 

increases, vertical current begins to flow and converges increasingly 

to the SCLC mechanism. Furthermore, we compared the RC / RT values 

of the IGZO / Al or Ag contacts for each channel length when the VGS 

was 16 V (Figure 5d). As a result, the RC / RT ratio of the IGZO / Al 

contact shows a much smaller value than that of the IGZO / Ag contact, 

which means that the effect of the contact resistance on the total 

resistance is more significant in the IGZO / Ag contact. The contact 

resistance for the ZnO / Al or Ag contacts was also confirmed by TLM 

test (Figure 6a-c). The extracted RC is 512.6 Ω for the contact with 

Al (Figure 6a), and varies from 1606 Ω to 3068 Ω for the ZnO / Ag 

contact (Figure 6b, Table 2). To investigate the effect of the indium 
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content on the contact resistance with Ag metal, the RC / RT values for 

the ZnO / Ag and IGZO / Ag contacts are compared and analyzed 

(Figure 6d). Although the theoretical Schottky barrier heights of IGZO 

and ZnO with the Ag contacts are similar, the contact resistance ratio 

of ZnO / Ag to total resistance ranges from 52.9 to 64.3% when 

compared to IGZO / Ag (Figure 6d). Therefore, the use of Ag metal as 

the top electrode on the oxide semiconductor with In significantly 

increases the contact resistance at thed interface when compared to 

Al. 
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Figure 5. Measuring contact resistance (RC) of the top electrode and 

IGZO interface via Transmission Line Method. (a) Total resistance (RT) 

of IGZO / Al interface as function of channel length (L). (b) RT of IGZO 

/ Ag interface as function of L. (c) width-normalized RC as function of 

gate voltage (VGS). (d) comparing the RC / RT for the IGZO / Ag and 

IGZO / Al interface as a function of L.  

(c) 

(a) (b) 

(d) 
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Figure 6. Measuring contact resistance (RC) of the top electrode and 

oxide semiconductor interface via Transmission Line Method. (a) Total 

resistance (RT) of ZnO / Al interface as function of channel length (L). 

(b) RT of ZnO / Ag interface as function of L. (c) width-normalized RC 

as function of gate voltage (VGS). (d) comparing the RC / RT for the 

IGZO / Ag and ZnO / Ag interface as a function of L.  

(c) 

(a) (b) 

(d) 
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Table 2. Extracted contact resistance of oxide semiconductor and top 

metal interface in MISM diodes. (a) contact resistance (RC) of IGZO/Ag 

contact as a function of gate voltage (VGS). (b) RC of ZnO / Ag contact 

as a function of gate voltage.  

VGS 

[V] 

RC 

[Ω] 

15 5807 

16 5411 

17 4832 

18 4282 

19 3792 

20 3372 

VGS 

[V] 

RC 

[Ω] 

15 3068 

16 2977 

17 2603 

18 2228 

19 1887 

20 1606 

(a)  

 

(b)  
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3.4 TEM Analysis of Interface between Metal and Oxide 

Semiconductor 

 

 To verify any chemical reaction causing the increment of contact 

resistance at the interface between the IGZO and metal contacts, we 

analyzed the interfaces of the IGZO / Ag and IGZO / Al contacts using 

the high-resolution transmission electron microscopy (HR-TEM, JEOL, 

JEM-2100F). The samples for TEM analysis were prepared via a 

focused ion beam (FIB, Quanta 3D FEG - FE) system. The TEM image 

of the device cross-section shows that the 40-nm thick IGZO layer is 

well deposited on the 200-nm thick SiO2 and each of the 50-nm thick 

Ag and Al top electrodes was properly coated on the IGZO films 

(Figure 7a, c). Surprisingly, new intermixing layer with a thickness of 

4 to 5 nm is detected at the entire boundary of the IGZO / Ag contact, 

which is known as an indium-rich layer formed by the oxygen atoms 

in the IGZO film escaping into the contact metal. (Figure 7b).[42-45] On 

the other hand, the new intermixing layer are not formed at the IGZO 

/ Al interface (Figure 7d). In addition, the notable oxidized Al layer 

was not observed at the interface because any post-annealing process 

did not conduct after electrode deposition. These results imply that 
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when the Ag metal is deposited on the IGZO layer, the Ag film strongly 

extracts oxygen atoms from the IGZO layer, which results in the 

indium-rich layer and the oxidized silver (Ag) layer of several 

nanometers. It was previously proved that Even when titanium is 

deposited on an IGZO oxide semiconductor, titanium also strongly 

absorbs the oxygen of indium, which results in an indium-rich layer 

and a titanium oxide (TixOy) layer. [46,49] According to previous studies, 

the resistance of silver oxide (AgxO, 10-2 to 108 Ω∙cm) [46-48] is much 

higher than that of titanium oxide (TixOy, 10-5 to 10-4 Ω∙cm).[46,49] 

Consequently, the contact resistance of the IGZO / Ag junction rises 

sharply than the contact resistance of the IGZO / Al junction. 
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Figure 7. Cross-sectional HR-TEM images of the interface between 

the top metal electrode and the IGZO layer. (a) vertical structure of 

MISM diode with Ag electrode. (b) interface between IGZO and Ag 

contact (c) MISM diode with Al electrode. (d) interface between IGZO 

and Al contact.  

(c) 

(a) (b) 

(d) 
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3.5 Operation Voltage Control Using Titanium Buffer 

Layer 

 

 We investigated that the change of the VON shift through inserting the 

Ti thin film as a buffer layer at the interfaces between the IGZO or IZO 

/ Ag contacts to confirm whether or not the TixOy actually affects the 

contact resistance reduction. The 20-nm thick Ti thin films were 

deposited for the buffer layer under the both Al and Ag top electrodes. 

When the Ti film was deposited between the IGZO and Ag metal, the 

vertical current level increases by approximately one order (Ti / Ag: 

2.63 × 10-4 A, Ag: 4.62 × 10-5 A) at 40 V, which is an equivalent 

levels to the IGZO / Al contact (Al: 2.79 × 10-4 A). Moreover, the 

insertion of Ti buffer layer gives rise to the absence of VON shift in the 

IGZO / Ag contact (VON=0 V) (Figure 8a). Besides, the vertical current 

flow for the MISM device with Ti / Ag top electrode is well consistent 

with the SCLC mechanism (Figure 8b). The enhancement of the 

vertical current behavior by inserting the Ti buffer layer is also 

discovered for the IZO (0.2 M I0.7Z0.3O) / Ag contact (Figure 8c). 

Interestingly, the vertical current flows from 0 V (VON=0 V) and the 

current value reaches 5.56 × 10-7 A at 40 V. When plotting the 
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current-voltage relation on a log-log scale, we can also confirm that 

the behavior of the vertical current follows the SCLC mechanism in 

the MISM device with the IZO / Ti / Ag contact (Figure 8 d). The results 

clearly show that the resistance of the TixOy on the oxide 

semiconductor containing indium atoms is much lower than that of the 

oxide semiconductor / Ag junction. Consequently, the insertion of Ti 

buffer layer can serve a controllability of the turn-on voltage of the 

MISM diodes consisting of the indium-containing oxide semiconductor 

and the Ag metal junction. These results have important implications 

for new devices capable of providing different turn-on voltage 

selectivity in the same MISM diode structures. 

 

  



- 34 - 

 

 

Figure 8. Vertically rectified current curve of the MISM diode with Ti 

buffer layer. (a) The relation of vertical currents and voltage of the 

MISM diode with IGZO / Ti / Ag and IGZO / Ag. (b) Change of turn-on 

voltage and current mechanism using Ti with IGZO. (c) vertical 

rectification characteristics of IZO / Ti / Ag and IZO/Ag. (d) Change of 

turn-on voltage and current mechanism via Ti with 0.2 M I0.3Z0.7O.  

(c) 

(a) (b) 

(d) 
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4. Conclusion 

 

 In conclusion, we showed for the first time that the turn-on voltage 

control is possible through the interface engineering of the junction 

between the top metal and oxide semiconductor of the novel oxide 

hetero-interface MISM diode. Based on these results, we have 

presented new possibilities to significantly expand the operating 

voltage window of the MISM diodes. The experimental results 

demonstrate that changing the top electrode material of the MISM 

diodes from aluminum (Al) to silver (Ag) considerably modifies the 

turn-on voltage from 0 V to 14.4 V. While the our previous our studies 

showed that controlling the on-current level is possible through 

engineering manipulating the thickness of oxide insulatorsinsulator 

thickness, this studies study proved that the turn-on voltage of MISM 

diode can even be adjusted through the simple interface engineering 

of the top metal contact layer. The turn-on voltage control technology 

that we have developed will widen the expandability of MISM diodes, 

and facilitate far more diverse types of diode development. Therefore 

wWe believe that these results have dramatically elevated the 

applicability of MISM diodes as a core device in the next generation 

electronics industry. 
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 We enabled the turn-on voltage control of MISM diodes in our 

research, but further studies are necessary. To make the operation 

windows more sophisticated, current characterization experiments 

should be performed using a wider variety of oxide semiconductors 

and metal species. It is crucial to develop a process that can expand 

the operating window through simple changes like heat treatment after 

metal deposition or resistance control while varying oxide 

semiconductor thickness. We expect the production of various MISM 

diodes that can precisely control turn-on voltage and on-current level 

as well as play key roles in the next generation of the electronics 

industry. 
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요약 (국문초록) 

 최근에 산화물 반도체와 절연체의 이종접합에 의한 새로운 유형의 

산화물 박막 다이오드가 보고되었다. 대부분의 산화물 기반 다이오드가 

n 형과 p 형의 산화물 반도체를 이용해 p-n 접합 다이오드 제작에 

집중해왔다. 그러나 p 형 산화물 반도체의 제작이 물질 특성상 어려워 

산화물 기반의 다이오드 제작에 어려움이 있었다. 반면, 최근 개발된 

Metal / Insulator / Oxide semiconductor / Metal 구조의 MISM 

다이오드는 우수한 정류 특성과 안정적인 전류 거동 뿐만 아니라 간단한 

제작 공정과 저렴한 공정 비용을 확보하여 다양한 주목을 받았다. 특히 

같은 구조의 소자에서 절연체의 유전율 혹은 두께를 조절해, 정류된 

전류량까지  제어할 수 있는 장점을 가진다. 

 반면, 전류 작동 범위를 쉽게 조절할 수 있는 것 만으로는 산화물 박막 

다이오드가 다양한 전자 산업에 활용되는데 한계가 있다. 지난 수십 

년간 연구된 Metal / Insulator / Metal 구조의 MIM 다이오드의 경우 

절연체의 두께를 조절하거나, 두 종류의 절연체 층을 사용하거나, 

전극의 종류를 바꾸는 등, 다양한 방법을 통해 전류 뿐만 아니라 전압도 

조절할 수 있도록 개발되었다. 그 결과, 여러 유형의 비대칭적 전류-

전압 특성을 확보해 특정 전압에 특정 전류를 필요로 하는 다양한 

산업적 수요에 대응할 수 있었다. 따라서 작동 전류 뿐만 아니라 작동 

전압을 조절할 수 있는 MISM 다이오드에 관한 연구가 필수적이다. 

그러나 이 부분에 관한 연구는 아직 진행된 바가 없다. 
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 본 연구에서 간단한 공정을 통해 MISM 다이오드의 작동 전압 영역을 

대폭 확대할 수 있는 방법을 확보하였다. 다이오드의 전극층과 산화물 

반도체층의 다양한 물질 조합에 따른, 두 층간 계면 특성 엔지니어링을 

통해 손쉽게 소자의 작동 전압 영역을 조절하였다. 알루미늄(Al)을 상부 

전극 물질로 사용한 경우, 턴-온 (turn-on) 전압은 0 V 다. 그러나 인듐 

(In)이 포함된 산화물 반도체 위에 은 (Ag) 전극을 증착할 경우, 턴-온 

전압을 14.4 V 까지 조절할 수 있다. 또한, 타이타늄 (Ti) 물질을 먼저 

증착한 뒤 은을 증착할 경우 턴-온 전압을 다시 0 V 로 되돌릴 수 있다. 

따라서 본 연구 결과를 통해, MISM 다이오드의 작동 영역을 전류를 

제어하는 1 차원 영역에서 전압까지 조절할 수 있는 2 차원 영역으로 

끌어 올렸으며, 더욱 다양한 물질 조합과 후처리공정 조절을 통해 보다 

정밀한 작동 영역을 가지는 산화물 박막 다이오드 개발이 가능할 것으로 

여겨진다. 

 

 

주요어     :     산화물 박막 다이오드, 산화물 이종접합, 

                금속-산화물 반도체 접합, 

                접촉 저항, 작동 전압 

학  번     :     2015-26025 
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