
Research progress on scaling technology of amorphous Indium 

Gallium Zinc Oxide Thin-Film Transistors
*
 

Yuenan Han, Guanhua Yang, Nianduan Lu
*
, Ling Li

*
 

 

State Key Laboratory of Fabrication Technologies for Integrated Circuits, Institute of 

Microelectronics of Chinese Academy of Sciences, Beijing 100029, China 

 

Abstract 

In the post-Moore era, oxide thin-film transistors (TFTs), particularly wide-bandgap 

semiconductor transistors represented by amorphous indium gallium zinc oxide 

(a-IGZO), have attracted significant attention due to their low-temperature fabrication 

process, excellent compatibility with back-end-of-line (BEOL) processes, and 

outstanding electrical performance. These devices have been widely applied in fields 

such as displays, monolithic three-dimensional (3D) integration, and memory 

technologies. This article focuses on the dimensional scaling technology of a-IGZO 

TFTs, especially two key dimensions—channel length (Lch) and contact length 

(LC)—to enhance density and performance. For channel scaling, architectural 

innovations such as dual-gate structures have been instrumental in mitigating 

short-channel effects, enabling devices with Lch scaled down to 30 nm to achieve a 

near-ideal subthreshold swing of 63.4 mV/decade and a high transconductance of 559 

μ S/μ m. Concurrently, vertical transistor designs, like channel-all-around 

architectures, have successfully pushed Lch to 50 nm while maintaining excellent gate 

control and leakage currents below 10
–17

 A/μm. Regarding contact scaling, interface 

engineering and optimized deposition processes have reduced the contact length to 

20–40 nm, achieving a minimal contact pitch of 80 nm and a low specific contact 

resistivity. These developments highlight the strong potential of scaled a-IGZO TFTs. 

This article also summarizes and prospects their potential applications in monolithic 

3-dimensional integration and high-density memory fields.   
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1 Introduction 

Since Gordon Moore proposed "Moore's Law" in the 20th century, the integrated 

circuit industry has developed and evolved around this core principle. As a 

fundamental law in the semiconductor field, Moore's Law posits that the number of 

transistors integrated per unit area on a chip doubles approximately every 18-24 

months
[1-4]

. The essential driver of this trend is the continuous scaling of transistor 

dimensions. By constantly reducing critical device dimensions, integrated circuits 

have not only optimized manufacturing costs but also achieved leapfrog development 

in performance enhancement and integration density breakthroughs. However, as the 

channel length (Lch) of traditional silicon-based transistors continues to scale below 10 

nm, the influence of the drain-source voltage (VDS) on the channel significantly 

increases. This leads to degraded gate control capability, resulting in a series of 

short-channel effects, including increased subthreshold swing (SS), drain-induced 

barrier lowering (DIBL), and elevated off-state current. Consequently, ensuring that 

the integrated circuit industry continues to follow "Moore's Law" in the post-Moore 

era has become a new challenge for the industry. The emergence of monolithic 

three-dimensional integration technology offers a new approach to overcoming the 

bottleneck of dimensional scaling. This technology vertically stacks transistors 

compatible with back-end-of-line (BEOL) processes onto transistors or device arrays 

fabricated using front-end processes
[5]

. While significantly increasing integration 

density, it also opens up new possibilities for diverse circuit function designs. In this 

context, thin film transistors (TFTs) demonstrate significant value due to their high 

cost-effectiveness, potential for large-scale manufacturing, and good compatibility 

with BEOL processes
[6-12]

. However, the carrier mobility of most current commercial 

TFT materials remains significantly lower than that of crystalline silicon
[13-16]

. Among 

various TFT technologies, oxide TFTs exhibit unique advantages. They not only 

inherit the process advantages of traditional amorphous silicon TFTs but also increase 

carrier mobility by an order of magnitude, significantly narrowing the performance 

gap with crystalline silicon. Additionally, they feature extremely low off-state current. 

In recent years, with the rapid development of oxide TFTs in fields such as high-density 

storage and three-dimensional integration
[17-27]

, requirements for their dimensions, 
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power consumption, integration density, and performance have become increasingly 

stringent
[28]

. In the field of dynamic random access memory (DRAM), traditional 

DRAM cells typically consist of one transistor and one separate capacitor. Since this 

capacitor often requires special processes to achieve high-density stacking, it is difficult 

to make such capacitors fully compatible with standard digital silicon-based 

complementary metal-oxide-semiconductor (CMOS) processes. Furthermore, it is 

challenging to achieve efficient integration with logic circuits across all process types 

and technology nodes. In this context, capacitor-less DRAM structures based on oxide 

TFTs have become a research hotspot. This structure requires only two transistors to 

achieve memory functionality. Oxide semiconductor materials, represented by 

amorphous indium-gallium-zinc oxide (a-IGZO), leverage their extremely low off-state 

leakage current caused by wide bandgaps. This allows oxide TFTs to serve 

simultaneously as read transistors and storage capacitors
[29,30]

. This innovative structure 

not only eliminates the need for separate capacitors, thereby providing substantial area 

savings, but is also fully compatible with mainstream digital CMOS technology
[31-37]

. 

However, to fully exploit the density and performance potential of this capacitor-less 

DRAM structure, higher requirements are imposed on the oxide TFT devices 

themselves. Currently, traditional large-size TFTs are inadequate for applications 

requiring high integration and high performance, failing to meet these demands. 

Therefore, advancing the dimensional scaling of oxide TFTs has become a key 

direction for technological breakthroughs. This measure can further increase 

integration density by reducing device dimensions and helps optimize core 

performance indicators such as switching speed, promoting the development of this 

technology to higher levels. 

This review focuses on the dimensional scaling of oxide TFTs and systematically 

summarizes recent research progress in the field of a-IGZO TFT scaling. The content 

covers planar and vertical single-gate transistors, double-gate transistors, and transistor 

contact length (LC) scaling technologies. Finally, we summarize the main challenges 

currently facing this field and provide an outlook on future development trends. 

2 Channel Length Scaling of Single-Gate a-IGZO TFTs 

In 2004, Hosono et al.
[38,39]

 first proposed the a-IGZO material and successfully 

fabricated a-IGZO TFTs using it as the channel material. The Hall mobility of this TFT 

can reach approximately 10 cm
2
/(V·s), which is an order of magnitude higher than that 

of traditional amorphous silicon (a-Si:H). As amorphous semiconductors, a-Si:H relies 

on covalent bonding, with carriers transported through sp
3
 hybrid orbitals. Due to the 

strong directionality of sp
3
 hybrid orbitals, changes in bond angles significantly affect 

electron energy levels. Additionally, the presence of high-density deep-level tail states 



results in low carrier mobility. In contrast, the conduction band bottom of a-IGZO 

materials exhibits highly ionic characteristics. The ns orbitals of adjacent metals can 

directly overlap, and the orbital shape is isotropic, making it insensitive to changes in 

bond angles (as shown in Figure 1(a)). Therefore, its Hall mobility is similar to that of 

crystalline oxide semiconductors (as shown in Figure 1(b)), significantly 

outperforming covalently bonded amorphous semiconductors. 

 

Fig. 1 (a) Electron cloud schematics of a-Si:H (left) and a-IGZO (right); (b) schematic of Hall 

mobility in crystalline and amorphous IGZO; (c) output curves of an a-IGZO transistor; (d) SEM 

image of an a-IGZO transistor; (e) transconductance curve of an IGZO transistor, with a 

maximum transconductance of 125 μS/μm @ VDS = 1 V; (f) output curves of an a-IGZO transistor, 

with an on-current of 350 μA/μm @ (VGS - VT = 3.0 V, VDS = 2.5 V); (g) schematic of a CAA-IGZO 

transistor; (h) cross-sectional TEM image of a CAA-IGZO transistor; (i) transfer curve of a 

CAA-IGZO transistor (CD = 50 nm) [39-41,45]. 

Since the introduction of amorphous indium gallium zinc oxide (a-IGZO) materials, 

their significant advantages have attracted sustained and widespread attention in both 



academia and industry. This has prompted extensive research by numerous scientists 

and engineers. Currently, a-IGZO has achieved commercial application in fields such 

as flat-panel displays. It also demonstrates significant potential for application research 

in monolithic three-dimensional integration and novel memory technologies. To further 

expand its application in advanced integrated circuits and high-density integration 

systems, promoting the scaling of a-IGZO transistors to smaller dimensions has 

become a direct and critical technological development path. This approach is essential 

for enhancing integration density and system performance. Implementing this path is of 

great significance for overcoming existing technical bottlenecks and meeting the future 

demands of electronic devices for high integration and high performance. 

As scaling technology continues to evolve, frontier exploration in scientific research 

has delved into the nanometer scale. For instance, at the 2020 Symposium on VLSI 

Technology and Circuits (VLSI), Samanta et al.
[41]

 successfully demonstrated an 

a-IGZO thin-film transistor (TFT) with a channel length scaled down to 38 nm. This 

achievement marked significant progress in the field. The scanning electron 

microscope (SEM) image of this device is shown in Fig. 1(d), where the source and 

drain electrodes were patterned using electron-beam lithography. By scaling the 

channel length to 38 nm, the device achieved a maximum effective mobility of 34 

cm
2
/(V·s) at a carrier concentration of approximately 5×10

12
 cm

-2
. The subthreshold 

swing (SS) was as low as 74.4 mV/decade. Furthermore, when the channel thickness 

was scaled from 6 nm to 3.6 nm, the device mobility showed no significant 

degradation. Meanwhile, the device achieved a maximum transconductance of 125 

μS/μm at VDS = 1 V (as shown in Fig. 1(e)). It also realized a high on-state current of 

350 μA/μm at VGS-VT = 3.0 V and VDS = 2.5 V. At VDS values of 0.1 and 1 V, the SS 

values were 87 mV/decade and 210 mV/decade, respectively, with a drain-induced 

barrier lowering (DIBL) of 187 mV/V. The electrical characteristics of the device are 

illustrated in Fig. 1(e) and (f). 

Compared with traditional planar TFTs, vertical TFTs feature smaller dimensions. 

Their core advantage lies in the "dimensional reconstruction" of the device structure. 

Unlike traditional planar structures, the source and drain of a vertical TFT are not 

coplanar. Instead, they are vertically separated by an isolation layer (insulating 

material). The channel is located between the source and drain and adheres to the 

vertical sidewall of the isolation layer. Conductive carriers flow in the vertical 

direction, fundamentally breaking through the dimensional limitations of lateral 

layouts. Since the first report of vertical TFTs, research and technical achievements in 

the field of short-channel vertical TFTs have significantly surpassed those of 

short-channel planar TFTs during the same period
[42-44]

. In 2021, Duan et al.
[45]

 

innovatively proposed a channel-all-around (CAA) vertical IGZO TFT (as shown in 



Fig. 1(g)). The channel of this transistor is oriented vertically, surrounding the gate 

from all directions. This configuration effectively increases the channel width, thereby 

enabling the transistor to achieve superior charge control capabilities and electrical 

performance. Fig. 1(h) presents the cross-sectional transmission electron microscope 

(TEM) image of a device fabricated by this team, featuring a critical dimension of 130 

nm and a channel length of 50 nm. The device exhibits an on-state current greater 

than 30 μA/μm and an extremely low off-state current below 1.8 × 10
-17

 A/μm (as 

shown in Fig. 1(i)). 

3 Channel Length Scaling of Dual-Gate a-IGZO TFTs 

The characteristic length   of a transistor can be expressed by the formula   

            , where      represents the potential distribution along the source-drain 

direction;    is the semiconductor thickness;     is the gate oxide thickness;    is the 

dielectric constant of the semiconductor; and     is the dielectric constant of the gate 

oxide. To significantly improve the electrical performance of a-IGZO transistors, an 

ultra-short channel length is an indispensable and decisive key factor. However, if the 

channel length is simply shortened without simultaneously scaling the characteristic 

length of the device, the fabricated devices will suffer from severe short-channel effects. 

These effects include DIBL, increased SS, and threshold voltage roll-off (Vt roll-off). 

Therefore, to realize an a-IGZO transistor with an ultra-short channel, it is necessary to 

minimize the characteristic length of the device as much as possible. 

In long-channel devices, the distribution of defect states is relatively uniform. However, 

when the channel length is reduced to below 50 nm, the proportion of interface defect 

states in the total defect states increases significantly due to the substantial reduction in 

channel volume. Under the influence of a strong lateral electric field, defect states may 

exhibit a non-uniform distribution along the channel direction. Specifically, in the 

high-field region near the drain end, the defect activation energy decreases, leading to 

an increase in trap-assisted tunneling current. Meanwhile, the DIBL effect and 

threshold voltage roll-off further amplify the impact of defect states on the electrical 

performance of the device. In particular, deep-level traps act as recombination centers 

for carriers under high-voltage conditions, thereby exacerbating the degradation of 

subthreshold characteristics. Consequently, when the channel length of fabricated 

single-gate a-IGZO transistors is scaled to below 50 nm, significant short-channel 

effects can be clearly observed through electrical performance testing. This 

phenomenon indicates that as the channel length enters the nanoscale, the electrical 

characteristics of transistors are prominently affected by short-channel effects. This 

poses new challenges for the optimization and stable control of device performance. 



To enhance the electrostatic control of the gate over the channel and suppress 

short-channel effects, the dual-gate structure has been widely introduced. The rationale 

for adopting a dual-gate structure is that, under the influence of two gates, electron 

accumulation in a-IGZO is no longer limited to the bottom surface. Instead, channels 

form simultaneously on both the top and bottom surfaces of the semiconductor. Due to 

the relatively thin semiconductor thickness, the top and bottom channels overlap, 

causing carriers to tend to accumulate in the overlapping region. This accumulation 

effect effectively reduces the impact of interface defects, roughness, and interface states 

on mobility, thereby increasing the on-state current of the device. Meanwhile, the 

dual-gate structure further enhances the electrostatic control capability of the gate, 

effectively reducing the subthreshold swing, DIBL, and off-state current of the 

transistor. Based on the three-dimensional Poisson equation 
   

  
 

   

  
 

   

  
  

 

 
, it can 

be seen that the left side of the equation represents the sum of electric field gradients. 

Under specific physical conditions, this can be considered a constant value. Therefore, 

enhancing the gate control capability of the top gate, back gate, or side gate of the 

channel will weaken the influence of the source-drain voltage on the channel. Through 

analysis and calculation of relevant physical models and boundary conditions, the 

characteristic length formula for dual-gate transistors can be derived as    

              . Compared with the characteristic length of single-gate transistors, the 

characteristic length of dual-gate transistors is      times that of the former. This 

mathematical result theoretically confirms that the dual-gate structure has significant 

advantages in transistor size scaling. 

In 2022, Chen et al.
[46]

 reported an ultra-thin dual-gate a-IGZO transistor with a 

channel length of 30 nm (as shown in Fig. 2(a)). By adopting the dual-gate structure, 

the minimum subthreshold swing of this transistor was only 63.4 mV/decade, close to 

the theoretical ideal value of 60 mV/decade. It also exhibited a low DIBL of 10 mV/V 

and a maximum transconductance of up to 559 μS/μm. Benefiting from the enhanced 

electrostatic control of the channel by the dual-gate structure, its transconductance and 

static on-state performance were superior to those of previously reported single-gate 

devices. The relevant electrical characteristics are shown in Fig. 2(b) and (c). To 

further break through the limits of device scaling and improve three-dimensional 

integration density, Liao et al.
[47]

 proposed a novel vertical-channel dual-gate IGZO 

TFT structure in 2024 (as shown in Fig. 2(d)) and applied it to high-density DRAM 

cells. This device adopts a vertical structure with a channel length of 120 nm. Under 

coordinated dual-gate control, it demonstrated excellent electrical performance: it 

achieved a high on-state current of 45.5 μA/μm and an SS of 68 mV/decade at VGS - VT 

= 1.0 V and VDS = 1 V (as shown in Fig. 2(e) and (f)). The above research results not 



only verify that the vertical dual-gate structure possesses good gate control 

capabilities at the nanoscale but also demonstrate the considerable potential  of this 

technology in promoting the development of integrated circuits toward higher 

integration density and achieving lower power consumption. 

 

Fig. 2 (a) Schematic diagram of a dual-gate a-IGZO transistor structure; (b), (c) transfer 

characteristic curve and subthreshold swing of the dual-gate a-IGZO transistor (Lch = 30 nm); (d) 

cross-sectional TEM image of a vertical dual-gate IGZO transistor; (e), (f) transfer characteristic 

curve and transconductance of the vertical dual-gate IGZO transistor, with an on-current of 45.5 

μA/μm @ (Vth + 1) V (Lch = 120 nm)[46,47]. 

4 Scaling of Contact Length in a-IGZO TFTs 

In the overall transistor scaling, the contact pitch (CP) is a key parameter determining 

chip integration density. Its physical definition is the sum of the channel length (Lch) 

and the contact length (LC), as shown in Figure 3(a). Therefore, achieving fundamental 

scaling of transistor dimensions requires collaborative optimization and simultaneous 

reduction of both the channel length and the contact length. 



 

Fig. 3 (a) Schematic diagram defining contact pitch, contact length, and channel length; (b) 

cross-sectional TEM image of a short-channel device with a contact pitch of 80 nm; (c) transfer 

characteristic curves of devices when the contact length is scaled from 40 nm to 30 nm (Lch = 40 

nm); (d) cross-sectional TEM image of a high-performance dual-gate IGZO transistor; (e) 

cross-sectional TEM image of an ultra-scaled CGP indium oxide transistor; (f) transfer curves of 

transistors with Lch = 80 nm and a channel thickness of 2 nm, as the contact length (LC) is scaled 

from 1 μm to 40 nm [48-50]. 

Reducing the channel length enhances carrier transport efficiency and increases 

channel current density, thereby improving device switching speed and response 

characteristics. However, carrier transport in the contact region depends heavily on 

metal-semiconductor interface properties. As the contact length decreases, the effective 

contact area drops significantly, while interface scattering effects intensify. This leads 

to an exponential rise in contact resistance, which may degrade device performance and 

partially offset the benefits gained from channel scaling. Although amorphous indium 

gallium zinc oxide (a-IGZO) thin-film transistors (TFTs) have made significant 

progress in channel length scaling, with device dimensions moving from the 

micrometer scale to the tens of nanometers range, systematic solutions remain lacking 

for key issues such as contact length scaling, effective contact resistance control, and 

interface reliability maintenance. These challenges constitute critical bottlenecks 

restricting the development of oxide transistors toward higher integration density and 

superior comprehensive performance. 

During the scaling of oxide TFTs, contact resistance has become increasingly 

prominent, serving as a key constraint on performance improvement. In recent years, 

research focus has shifted from channel structure optimization to precise regulation of 

contact interfaces. In 2024, Wu et al.
[48]

 conducted an in-depth experimental study on 



contact length scaling in dual-gate IGZO TFTs. By depositing source/drain metals 

under ultra-high vacuum conditions, they achieved a low specific contact resistance 

(Rn) of 340 Ω·μm and a specific contact resistivity (ρn) of 1.72×10
-7

 Ω·cm
2
. 

Furthermore, by scaling the contact length (LC) from 300 nm to 20 nm, they observed 

no significant degradation in long-channel device performance, whereas short-channel 

devices exhibited significant performance decline when LC was less than 30 nm (as 

shown in Figure 3(c)). Ultimately, Wu et al.
[48]

 fabricated high-performance 

short-channel devices with a contact pitch of 80 nm (where LC is 40 nm and channel 

length Lch is 40 nm), as illustrated in Figure 3(b). These devices achieved an 

ultra-high on-current of 68.4 μA/μm and a low subthreshold swing of 83.4 

mV/decade. 

To systematically investigate contact length scaling, optimize contact resistance, and 

fully leverage the high electrostatic control of dual-gate structures along with the 

passivation effect of oxygen ambient annealing, Zhao et al.
[49]

 further studied 

single-gate and dual-gate IGZO TFTs. They examined device performance as the 

contact length scaled from 200 nm to 40 nm, ensuring high reliability and performance 

post-scaling. The results indicated that dual-gate IGZO transistors exhibited superior 

performance (as shown in Figure 3(d)). At room temperature, the devices achieved a 

low subthreshold swing of 60 mV/decade. Even when the temperature increased to 380 

K, the devices maintained a low subthreshold swing of 76 mV/decade. With a channel 

length of 35 nm and a contact length of 80 nm, the transconductance exceeded 1 mS/μm, 

and the on-current reached 1.93 mA/μm. When the contact length was further scaled to 

40 nm, device performance remained robust, with transconductance exceeding 0.75 

mS/μm and on-current exceeding 1.33 mA/μm. 

Significant progress has also been made in contact scaling within broader oxide 

semiconductor systems. Lin et al.
[50]

 investigated the scaling characteristics of contact 

length and contact gate pitch (CGP = Lch+LC) in ultra-thin indium oxide field-effect 

transistors (as shown in Figure 3(e)). The team found that increasing the indium oxide 

channel thickness from 1.2 nm to 2 nm allowed them to modulate the Schottky barrier 

height at the metal/indium oxide interface via quantum confinement effects, causing a 

transition from positive to negative. This transition reduced the transfer length 

significantly from 76 nm to 36 nm. Based on this optimization, the fabricated 

transistors achieved the lowest contact resistance among oxide field-effect-transistors 

of 140 Ω·μm and a maximum drain current (ID, max) of 1.57 mA/μm under an 

ultra-scaled CGP of 80 nm (as shown in Figure 3(f)). This achievement provides 

critical support for back-end-of-line compatible monolithic three-dimensional 

integration technology. 



5 Conclusion and Outlook 

Oxide TFTs have become an important research direction for post-Moore integrated 

circuits due to their excellent electrical properties, low-temperature fabrication 

processes, and good compatibility with back-end-of-line (BEOL) processes. 

Particularly as traditional silicon-based CMOS devices face constraints from 

short-channel effects and slowing scaling trends, a-IGZO TFTs demonstrate immense 

application potential in monolithic three-dimensional integration and high-density 

memory. This is attributed to their high carrier mobility despite their amorphous 

structure, low off-state current, and favorable interface characteristics. This review 

systematically summarizes research progress in the scaling of a-IGZO TFTs, covering 

key areas such as single-gate devices, dual-gate devices, and contact length scaling. 

In the field of monolithic three-dimensional integration, stacking multiple device layers 

vertically significantly enhances chip integration density and functional diversity. 

Structurally, vertical channel TFTs (such as those with a channel-all-around 

architecture) overcome the physical scaling limitations of planar layouts via 

"dimensional reconstruction." This enables further reduction of channel length (to 

below 50 nm) while maintaining excellent gate control and electrical performance. The 

introduction of dual-gate structures further enhances electrostatic control over the 

channel, effectively suppressing short-channel effects. Consequently, a-IGZO TFTs 

can achieve near-ideal subthreshold swing (63.4 mV/decade) and low drain-induced 

barrier lowering (10 mV/V) even at a channel length of 30 nm. These structural 

innovations and process optimizations provide key technical support for the 

development of a-IGZO TFTs in three-dimensional integration. Regarding contact 

scaling, contact resistance has become a critical factor affecting performance as device 

dimensions shrink. By optimizing the metal/semiconductor interface and employing 

ultra-high vacuum deposition processes, contact resistance can be reduced to as low as 

340 Ω·μm, with contact length scalable to 20-40 nm and contact pitch reaching 80 nm. 

In high-density memory applications, particularly in dynamic random-access memory 

(DRAM), a-IGZO TFTs are widely used in capacitor-less DRAM structures due to their 

extremely low off-state current (below 10
-17

 A/μm). This structure requires only two 

transistors for storage functionality, with the a-IGZO TFT serving both read and storage 

roles, thereby eliminating the need for independent capacitors and significantly 

increasing memory density. 

Despite significant progress in the scaling of a-IGZO TFTs, several challenges remain. 

When the channel length falls below 30 nm, the negative effects of interface defect 

states intensify significantly, leading to subthreshold characteristic degradation and 

increased leakage current, which severely impacts device stability. As contact length 



continues to shrink, contact resistance rises exponentially. Furthermore, interface 

thermal stability and electromigration reliability face severe tests, becoming key 

constraints on further device scaling. Additionally, for memory structures such as 

capacitor-less DRAM, data retention time and read/write endurance require further 

improvement to meet the demands of practical memory applications. 

Looking ahead, scaling technology for a-IGZO TFTs will continue to advance in key 

directions. On one hand, researchers are actively exploring novel transistor structures 

such as gate-all-around (GAA) and nanosheet configurations. Optimizing these designs 

will further enhance gate control, effectively suppress short-channel effects, and 

improve device performance. On the other hand, by combining circuit design with 

architectural innovation, the performance advantages of a-IGZO TFTs in 

three-dimensional integration and memory systems can be fully leveraged. This will 

promote their application and development in high-density, high-performance memory 

and three-dimensional integration fields. 
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