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Abstract—We propose an all-oxide p-n heterojunction thin-
film transistor (H-TFT) based on Tellurium (Te)/Al-doped In-
Zn-Sn-O (Al:IZTO) stack with an ultra-thin (sub-2 nm) Al2O3 
interlayer. In this architecture, n-type TFTs are demonstrated 
with Te functioning as an electron-blocking and hole-
conducting layer, and Al2O3 acting as a tunneling barrier and 
interface passivation layer, enhancing interfacial control and 
Te crystallinity. By engineering these layers, we achieve 
threshold voltage (VTH) shifts of up to +20 V with increasing 
Te thickness (4–8 nm), second turn-on modulation via Al-
doped In–Zn–Sn–O (Al:IZTO) thickness (10–20 nm) with 
peak-to-valley ratio (PVR) exceeding 100, and distinct 
negative differential resistance (NDR) in long channel devices. 
A ternary logic inverter is configured using this structure, 
exhibiting three distinct output states (Logic 0, 1, 2) based on 
the device’s dual turn-on behavior, highlighting its potential 
for MVL applications using fully oxide-based devices. 

I. INTRODUCTION 
Oxide semiconductor thin-film transistors (TFTs) have 

emerged as promising candidates for next-generation 
electronics due to their excellent uniformity, low-temperature 
process compatibility, and stable electrical properties [1–3]. 
Among various materials, Al:IZTO stands out for its high 
mobility and robust environmental stability, making it a 
suitable n-type material for integration in large-area and high-
performance applications [4]. 

With growing demands for high integration density and 
energy-efficient computing, multi-valued logic (MVL) circuits 
have attracted increasing attention. MVL operation requires 
devices with multiple switching thresholds—functionalities 
such as double turn-on or negative differential resistance 
(NDR)—to create intermediate logic states within a single 
device transfer characteristic [5].  

Conventionally, NDR has been demonstrated in devices 
using organic or 2D materials (e.g. organic polymers, black 
phosphorus, phosphorene), which offer flexible band structure 
engineering but suffer from thermal instability, environmental 
degradation, and limited CMOS compatibility [5-7]. In contrast, 
oxide-based devices offer inherent robustness and process 

compatibility, but achieving stable NDR and multi-threshold 
switching in fully inorganic systems remains a major challenge. 

In this study, we introduce a novel all-oxide p–n H-TFT 
composed of Te, sub-2 nm Al2O3, and Al:IZTO. Within this 
heterostructure, the Te layer operates as a hole-conducting and 
electron-blocking layer, Al2O3 serves as tunneling barrier and 
passivation layer that enhances interface quality and Te 
crystallinity, and Al:IZTO provides the electron transport 
channel. By engineering individual layer thicknesses and 
channel dimensions, we demonstrate tunable VTH shifts up to 
+20 V, controlled second turn-on characteristics, and distinct 
NDR under modest biases with PVR values exceeding 100. 
Using this structure, a ternary logic inverter exhibiting three 
well-separated output states was configured based on the 
device’s dual turn-on characteristics, indicating strong potential 
for MVL integration with oxide semiconductors. 

II. RESULTS AND DISCUSSION 
A.  Device Architecture and Fabrication 

Fig. 1 illustrates the schematic structures and fabrication 
process for the proposed all-oxide H-TFTs. Four types of 
devices were fabricated by varying the stacking sequence and 
coverage of the Te and Al:IZTO layers. 

In the first two structures, Al:IZTO was deposited 
uniformly across the channel, with Te selectively patterned near 
the drain (half-Te) or continuously deposited from source to 
drain (full-Te) (Fig. 1a, b). In the other two configurations, Te 
was deposited first on one side of the source/drain (S/D), 
followed by partial or full coverage of Al:IZTO (Fig. 1c, 1d). A 
sub-2 nm Al2O3 interlayer was optionally inserted between Te 
and Al:IZTO using atomic layer deposition (ALD). 

Devices were fabricated on n++ Si substrates with 100 nm 
thermally grown SiO2 as the gate insulator. Te and Al:IZTO 
layers were deposited by DC/RF sputtering, and Al S/D 
electrodes were formed using e-beam evaporation. The 
Al:IZTO thickness was varied from 10 to 20 nm, and channel 
length (Lch) from 50 to 500 μm to study its influence on device 
behavior such as VTH shift, NDR, and multi-step turn-on (Fig. 
2). 



B. Electrical Characteristics 
As shown in Figs. 3a and 3b, increasing the Te thickness 

from 4 nm to 8 nm results in a clear positive VTH shift of up to 
+20 V. While both half- and full-Te configurations exhibit this 
trend, the shift is more pronounced in full-Te devices. This 
indicates that both the thickness and lateral coverage of the Te 
layer significantly affects the device behavior, forming an 
effective electron-blocking layer at the interface with Al:IZTO. 

Fig. 3c, corresponding to the structure in Fig. 1d, shows that 
devices begin to exhibit NDR as the channel length increases. 
This phenomenon is absent in short-channel devices, 
suggesting that longer channels enhance lateral field gradients 
and enable charge redistribution effects. The NDR region yields 
a PVR over 100, indicating strong nonlinear carrier suppression 
enabled by the heterojunction structure. 

In addition, devices based on the structure in Fig. 1c exhibit 
a clear double turn-on behavior, which is attributed to the 
sequential activation of distinct conduction pathways within the 
heterostructure (Fig. 3d). 

C. Working Mechanisms  
To further understand this double turn-on behavior (Fig. 3d, 

4a), we examine the device operation across four distinct 
regimes, driven by gate-controlled band modulation and 
asymmetric carrier injection (Fig. 4c-j). Fig. 4b highlights the 
p-type behavior of Te, while Al:IZTO serves as the primary 
electron transport channel. These behaviors originate from the 
type-II band alignment between Te and Al:IZTO, which was 
reported in our previous work [8].  

In Region 1 (Figs. 4c, 4g), the device is off. Al:IZTO is 
depleted, and although Te injects holes, electron transport is 
blocked by the interfacial barrier. As the gate voltage increases 
(Region 2; Figs. 4d, 4h), Al:IZTO begins to conduct, allowing 
limited electron flow. Hole injection from Te enables 
recombination at the junction, initiating the first turn-on. In 
Region 3 (Figs. 4e, 4i), hole injection dominates, leading to 
saturation or even negative differential resistance (NDR) due to 
recombination-limited transport. Finally, in Region 4 (Figs. 4f, 
4j), Al:IZTO turns fully on, the effect of Te diminishes, and 
current increases sharply, marking the second turn-on. 

D. Al2O3 Interlayer 
To evaluate the interface quality and material crystallinity, 

cross-sectional TEM and EDS analyses were conducted on the 
Te/Al:IZTO heterostructure (Fig. 5a). The images confirm 
distinct layer separation with sharp interfaces, indicating 
successful formation of the heterojunction. 

Raman spectroscopy (Fig. 5b) reveals enhanced peak 
intensity and reduced linewidth in the Te layer after applying 
Al2O3 layer, indicating improved crystallinity. This 
enhancement leads to more uniform carrier transport and 
improved device stability. 

XPS analyses (Fig. 5c) of the Te 3d region, after surface 
etching, reveal suppressed TeO2-related peaks and enhanced 
metallic Te bonding in the presence of the Al2O3 interlayer, due 
to its oxygen-scavenging effect [9]. This indicates improved 
chemical stability and reduced surface oxidation of the Te layer. 

Owing to its ultrathin thickness, the Al2O3 layer does not 
hinder carrier transport and serves as an effective tunneling 
barrier, enabling both interface passivation and charge injection 
control. This configuration offers improved VTH stability, 
reduced leakage current, and more pronounced NDR behavior. 

E. Ternary Logic Implementation 
As shown in Fig. 6, the schematic image illustrates the 

operating mechanisms of the ternary inverter using the 
Te/Al:IZTO device as the pull-down element and a p-type load, 
producing three distinct output states (Logic 2, 1, 0). The 
intermediate logic level is defined by the first turn-on, while the 
second turn-on triggers a full transition to Logic 0, enabling 
compact MVL using a single oxide-based transistor structure. 

III. CONCLUSION 
We demonstrated a Te/Al:IZTO H-TFT with double turn-

on and NDR behavior, enabled by engineering of thickness, 
channel length, and device structure. Te and Al:IZTO layers 
controlled VTH and switching steps, while a thin Al2O3 
interlayer improved stability. These results show the potential 
of oxide heterostructures for compact MVL. 
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Figure 1. Schematic diagrams of four Te/Al:IZTO H-TFT structures with variations in 
Te coverage and stacking sequence. (a, b) Al:IZTO on top with partial (half-Te) or full 
Te coverage. (c, d) Partial Te deposited first with partial or full Al:IZTO coverage.  

Figure 2. Fabrication flow showing sequential deposition of Te, optional 
Al2O3, and Al:IZTO layers on a Si/SiO₂ substrate, followed by Al S/D 
electrode. 

 

    
Figure 3. Transfer characteristics (IDS–VGS) of Te/Al:IZTO H-TFTs under various structural conditions. (a, b) Devices with half-Te and full-Te configurations, showing 
positive VTH shift as Te thickness increases from 4 nm to 8 nm. (c) NDR behavior observed in long-channel devices. (d) Double turn-on characteristics in half-full 
structure, enhanced with increasing Al:IZTO thickness (10–20 nm). 

 

 

Figure 4. Transfer characteristics and working mechanism of the Te/Al:IZTO H-TFT. (a) Measured IDS–VGS curve showing four distinct operational regions. (b) 
Comparison of IDS–VGS curves for Al:IZTO and Te-only devices. (c–f) Energy band diagrams and (g–j) corresponding schematic cross-sections illustrate the device 
behavior under increasing gate bias: (1) off-state with suppressed carrier injection; (2) first turn-on enabled by interfacial recombination between electrons and holes; 
(3) saturation region dominated by hole injection and potential NDR onset; and (4) second turn-on where full electron conduction occurs through the Al:IZTO channel. 

 

−20 −10 0 10 20
10−12

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

10−3

 Al:IZTO
 Al:IZTO/

       Te 4nm
 Al:IZTO/

       Te 6nm
 Al:IZTO/

       Te 8nm

I D
S 

(A
)

VGS (V)
−20 −10 0 10 20

10−12

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

10−3

 100 µm
 200 µm

I D
S 

(A
)

VGS (V)

 300 µm
 400 µm
 500 µm

−40 −20 0 20 40
10−12

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

10−3

 10nm
 15nm
 15nm

I D
S 

(A
)

VGS (V)

−40 −20 0 20 40
10−12

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

10−3

 10nm

I D
S 

(A
)

VGS (V)

−40 −20 0 20 40

10−9

10−8

10−7

10−6

10−5

10−4

10−3

10−2

 Al:IZTO
 Te

I D
S 

(A
)

VGS (V)

−20 −10 0 10 20
10−12

10−11

10−10

10−9

10−8

10−7

10−6

10−5

10−4

10−3

 Al:IZTO
 Al:IZTO / Te 4nm
 Al:IZTO / Te 6nm
 Al:IZTO / Te 8nm

I D
S 

(A
)

VGS (V)

(a) 

(c) (d) 

(b) 

(d) (c) (b) (a) 

(a) (c) (d) (e) (f) 

(g) (h) (i) (j) 

(b) 

1 2 3 4 



 

Figure 5. (a) Cross-sectional TEM and EDS analysis showing distinct layer interfaces in the heterojunction. (b) Raman spectra of Te films under various stacking 
conditions with combinations of Al:IZTO and Al₂O₃ layers; improved crystallinity is observed when Te is deposited beneath Al₂O₃ and Al:IZTO. (c) XPS Te 3d 
spectra after surface etching, showing suppressed Te oxidation and enhanced metallic Te states with insertion of Al₂O₃ interlayer. 

 
 

Figure 6. Schematic illustrate ternary inverter operation mechanism using a p-type load and a H-TFT. (a–c) Circuit schematics, device characteristics, and voltage 
transfer curves for Logic 2, 1, and 0 states, enabled by the double turn-on behavior of the heterojunction device. 
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