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Abstract— This letter presents a thin-film transistor archi-1

tecture, in which a “trench” is introduced between the2

source and drain electrode to enhance current flow. The3

top-gate top-contact oxide Trench thin-film transistor has4

a superior on-current per width of 27.7 μA/μm at a drain5

voltage of 4.1 V. It also has a good subthreshold swing6

of 0.122 V/dec and turn-on voltage of −0.4 V. This study7

explores the operating mechanism of the high-current-8

driving Trench oxide thin-film transistor.9

Index Terms— Aluminum-doped indium–tin–zinc oxide,10

on-current boosting effect, oxide semiconductor, thin-film11

transistor, trench structure.12

I. INTRODUCTION13

OXIDE semiconductor thin-film transistors (TFTs)14

are considered to be promising candidates for15

next-generation displays because of their high mobility16

[1], [2], low leakage current, and improved uniformity and17

stability [2], [3]. Despite these advantages, certain problems,18

such as reduced pixel charging time and limited space per19

pixel, must be addressed for their application in ultrahigh-20

resolution displays. To this end, small-sized oxide TFTs21

should have high current driving ability. Oxide TFTs with22

high mobility and high driving current have been widely23

investigated [4], [5]; however, the deterioration of electrical24

characteristics arising with downscaling of the device size25

was not considered in these studies [6], [7], [8], [9]. Oxide26

vertical TFTs have also been researched for achieving high27
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on-current in a small size [10], [11], [12]. These devices, 28

however, require complex fabrication processes resulting 29

in problems like voids and shadowing, in addition to the 30

degradation of the subthreshold swing (SS). 31

Herein, we propose a high-performance oxide TFT with a 32

simple device architecture, i.e. a trench structure. The “Trench 33

TFT” fabricated with a top-gate top-contact (TGTC) structure 34

with 5.46 μm short channel has an ultrahigh on-current per 35

unit width that reaches ∼27.7 μA/μm at a drain voltage (VDS) 36

of 4.1 V. Moreover, the Trench TFT shows a good SS of 37

0.122 V/dec, which is low enough to be comparable to that 38

of a conventional planar TFT, and Von value close to zero 39

(−0.4V). We also scrutinize the unique operation mechanism 40

of the Trench oxide TFT and its excellent electrical properties. 41

II. EXPERIMENTAL 42

Fig. 1(a) shows the schematics of TGTC planar and Trench 43

TFTs, and Fig. 1(b) shows the fabrication workflow of the 44

Trench TFT. In the Trench TFT fabrication, a 214-nm-deep 45

trench was formed by photolithography and reactive ion etch- 46

ing (RIE) on a silicon wafer with a 500-nm-thick thermally 47

grown SiO2 buffer layer. Subsequently, an aluminum-doped 48

indium–tin–zinc oxide (Al-ITZO) active layer was deposited 49

to a thickness of 17.5 nm by radio frequency (RF) sputtering. 50

Next, a 150-nm-thick molybdenum layer was deposited by 51

direct current (DC) sputtering as the source and drain elec- 52

trodes. After that, a 35-nm-thick Al2O3 layer of gate insulator 53

(GI) was deposited by plasma-enhanced atomic layer deposi- 54

tion (PEALD) at 200 ◦C using a trimethylaluminum source. 55

Finally, a 150-nm-thick molybdenum layer was deposited by 56

DC sputtering as the gate. All the deposited thin-film layers 57

were patterned via photolithography and wet etching. For 58

direct comparison with the Trench TFT, a conventional planar 59

TFT without the trench was fabricated simultaneously on the 60

same substrate. Post-annealing was performed first at 200 ◦C, 61

then at 230 ◦C, and finally at 250 ◦C, cumulatively for 2 h 62

each, in a vacuum. 63

For the active thickness splitting, planar and Trench TFTs 64

with an Al-ITZO active layer of 4.4 nm/8.7 nm/26.1 nm/ 65

35.2 nm/52.5 nm were additionally fabricated. Among these, 66

the planar TFT with an active thickness of 4.4 nm showing 67

switching property was chosen as the counterpart of the Trench 68

TFT with a 17.5 nm active layer to compare the electrical 69

properties. Their fabrication conditions were the same as those 70

described above, except the active layer thickness. The devices 71

with 4.4 nm active thicknesses were post-annealed at 200 ◦C 72
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Fig. 1. (a) Schematics of TGTC TFTs showing the planar and Trench
structures. (b) Fabrication workflow of the Trench TGTC TFT. (c) TEM
images of the Trench TFT.

and then 280 ◦C, cumulatively for 2 h each, in a vacuum,73

whereas those with thicknesses of 8.7 nm, 26.1 nm, 35.2 nm,74

and 52.5 nm were post-annealed at 200 ◦C and then 230 ◦C.75

The electrical properties of the devices were investigated76

using an HP-4156A semiconductor parameter analyzer under77

ambient conditions.78

III. RESULTS AND DISCUSSION79

Fig. 2(a) shows the I–V characteristics of the planar and80

Trench TFTs (17.5-nm-thick active layers). Whereas the planar81

TFT showed conductive properties during the gate voltage82

(VG) sweep, the Trench TFT showed switching properties. The83

transmission electron microscopy (TEM) images of Trench84

TFT (Fig. 1(c)) show that the active layer thickness on the85

trench sidewall was 50% lower than that on the horizontal86

region. This originated from the anisotropic characteristic of87

the sputter equipment used to deposit the active layer. The88

electrical properties of an oxide semiconductor TFT depend89

significantly on the total number of carriers in the semicon-90

ductor. With decreasing thickness of the active layer, the turn-91

on voltage (VOn) shifts positively and the channel resistance92

increases, owing to the decrease in the total number of carriers93

[13], [14], [15], [16]. Thus, while a TFT with a thick active94

layer becomes conductive, a TFT with a thinner active layer95

results in a well-operating TFT.96

The thin-film stacking sequence and fabrication conditions97

for the horizontal part of the Trench TFT were similar98

to those of planar TFTs. Accordingly, the horizontal part99

exhibited conductive properties as seen in the planar TFT100

(Fig. 2(a) and Fig. 2(b)). The carrier concentration of the101

Al-ITZO channel was 3.090E+21 cm−3 in the planar TFT,102

and 1.658E+21 cm−3 in the horizontal part of the Trench103

TFT, showing that both had highly conductive properties.104

Thus, it can be inferred that only the short vertical parts105

of the active layer act as the effective channels that show106

the switching property. Meanwhile, the conductive horizontal107

part of the thicker section acts as a fast-current path boosting108

the on-current. This finding could be verified by the output109

characteristics which exhibited similar current levels despite110

the channel length variation (Fig. 2(c)), since the effective111

channel length (462 nm) of the two vertical channels remained112

constant. Meanwhile, the variation of the on-current with the113

channel width of the Trench TFTs followed the typical trend114

of the I–V characteristics.115

Fig. 2. (a) Transfer characteristics of the TGTC planar and Trench
TFTs with an Al-ITZO active layer of thickness 17.5 nm. The solid line
represents forward sweeping, and the dotted line represents reverse
sweeping. (b) Cross-sectional schematic of the TGTC Trench TFT for
measuring the electrical properties of only the horizontal active part, and
the corresponding transfer curve. W/L = 160 µm/160 µm. (GI and gate
are omitted) (c) Output curves of the Trench TFTs with channel lengths
of 5.46, 10.46, and 15.46 µm.

For further research, active thickness splitting was per- 116

formed. Fig. 3(a) presents the transfer curves of the planar and 117

Trench TFTs with various horizontal region active thicknesses, 118

and Fig. 3(b) depicts their on/off characteristics. The active 119

thickness of the Trench TFT in Fig. 3(b) corresponds to that of 120

the vertical part, which determines the on/off characteristic of 121

the TFT. The Trench TFT had a serial connection of planar and 122

vertical TFTs (Fig. 3(c)). Therefore, the on/off characteristics 123

were expected to be similar between planar and Trench TFTs 124

with the same determining active thickness. However, this was 125

not to case (Fig. 3(b)). Consequently, this infers that some 126

factors other than the active thickness influence the on/off 127

characteristics of Trench TFTs. 128

Roughness of the vertical part also contributed to the large 129

difference between the vertical and the horizontal parts. Fig. 4 130

shows a scanning electron microscopy (SEM) image of a 131

trench with a photo resist and its schematic. During the 132

RIE process, the collision of F− plasma ions produced many 133

dangling bonds, which acted as trap sites on the surface of 134

the thermal SiO2 buffer layer [17], [18]. Moreover, the ions 135

bombarded the buffer layer owing to Coulombic force, result- 136

ing in directionality. Therefore, the topology of the sidewall 137

was formed with the same shape as the photoresist edge [19]. 138

Technical limitations of the photolithography equipment and 139

the photo resist prevented formation of a smooth resist edge 140

(rough edge in Fig. 4), resulting in roughness on the sidewall. 141

This can also be seen in Fig. 1(c), vertical, in a blurred 142

superimposed form. 143

The rough back surface obstructed the carrier path in the 144

vertical channel, increasing the probability of carrier trapping 145

[20], [21]. Additionally, since the active layer was sufficiently 146

thin, a rough interface was also formed between the active 147
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Fig. 3. (a) Transfer curves of the TGTC planar and Trench TFTs with active thicknesses (tA) of 4.4, 8.7, 17.5, 26.1, 35.2, and 52.5 nm. (b) The
on/off characteristics of the curves in (a) are summarized. (c) The Trench TFT consists of a serial connection of planar/vertical/planar/vertical/planar
TFTs. GI and gate layers have been omitted.

Fig. 4. SEM image of the trench hole with photo resist.

layer and the GI. This topology reduced the mean-free-148

time of free electrons by interfering with their movement.149

Therefore, the carrier mobility would be lowered according150

to the following equation [22]:151

μ = eτc

m∗ , (1)152

where e is the electron charge, τc is the mean-free-time of153

the electron, and m∗ is the effective mass. Since the channel154

resistance (RCh) is inversely proportional to the mobility [22],155

the decrease in mobility increased the channel resistance. The156

channel resistance of the vertical channel could be calculated157

as [23]:158

RT ot,T rench = VDS

ID
= RCh + RC159

= (RCh,horizontal + 2RCh,vert ical) + RC , (2)160

RT ot,planar = VDS

ID
= RCh + RC = RCh,horizontal + RC ,161

(3)162

where RT ot , ID , RCh , and RC represent the total resis-163

tance, drain current, channel resistance, and contact resistance164

respectively. The channel resistance of the 8.7-nm-thick verti-165

cal channel in the Trench TFT was 2868 � at VDS of 4.1 V166

and VG of 5 V. This value is 2.20 times higher than that167

of the planar TFT (1306 �) with the same active thickness168

of 8.7 nm. Consequently, the roughness contributed to the169

difference between the vertical part and the horizontal part170

by increasing channel resistance on the vertical part.171

Fig. 5(a) shows normalized on-currents of the planar TFT172

with a 4.4-nm-thick active layer and the Trench TFT with a173

17.5-nm-thick active layer. Due to the extremely short effective174

channel (462nm), the normalized on-current of the Trench175

TFT with a channel length of 15.46 μm reaches 26.5 μA/μm176

at VDS of 4.1 V. Notably, it remains without degradation177

even with a short channel length. The normalized on-current178

of the Trench TFT with a channel length of 5.46 μm was179

Fig. 5. (a–b) Electrical properties of the planar TFTs with 4.4 nm-thick
Al-ITZO active layers and the Trench TFTs with 17.5 nm-thick ones.
VDS = 4.1 V. (a) The normalized on-current. (b) Comparison of SS,
hysteresis, and VOn between the planar and Trench TFTs.

27.7 μA/μm at VDS of 4.1 V. Fig. 5(b) shows the typical 180

electrical properties of the planar and Trench TFTs. The 181

Trench TFT also had a good SS of 0.122 V/dec. This value 182

is sufficiently low and comparable to that of the planar 183

TFT (0.101 V/dec) and is the lowest among oxide TFTs 184

with vertical channels [10], [11], [12], [24], [25]. Moreover, 185

it had acceptable VOn close to zero (−0.4 V). Additionally, 186

it had better positive-bias temperature stress (PBTS) stability 187

(threshold voltage shift (�VT h) of 1.33 V for 10000 s) than 188

the planar TFT (�VT h of 1.66 V) when the channel footprint 189

was W/L = 40 μm/20 μm (data not shown). 190

IV. CONCLUSION 191

TFTs with a “Trench structure” were proposed to meet 192

the requirements for ultra-high resolution. The normalized 193

on-current of the Trench TFT, even with short channel foot- 194

print, reached as high as 27.7 μA/μm. Additionally, it exhib- 195

ited good SS and VOn values. The vertical active layers 196

acted as the effective channels owing to the higher channel 197

resistance, while the conductive horizontal part acted as the 198

current path leading to a high on-current. Trench TFTs are 199

advantageous in terms of process efficiency due to fabrication 200

compatibility with existing planar TFTs. However, further 201

process improvement is needed to increase uniformity on large 202

areas. The obtained advanced electrical properties indicate that 203

the oxide Trench TFTs can replace low-temperature polycrys- 204

talline silicon (LTPS) TFTs in mobile display backplanes and 205

play a critical role in next-generation extended-reality displays. 206
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