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Supplementary Figure: 

 

Supplementary Figure 1. Layout design of vertical DG 2T0C array. a, the array framework of 

the crossbar structure. b, the etching holes define the circular channel area. c, the deposition for 

the gate stack and channel layer along the etching hole. The layout design of the array shows that 

two WLs and BLs form a crossbar structure, with the etching holes defining the sidewalls at the 

intersections. The gate stack and channel layer (IGZO/HfO2/IZO) are deposited in single ALD 

process and patterning under one mask which is shown in the yellow region.  

  

4F2 Cell Size

Gate Stack and Channel Layer

Etching Hole

WL1

BL1

WL2 WL3

BL2

BL3

cWL1

BL1

WL2 WL3

BL2

BL3

ba WL1

BL1

WL2 WL3

BL2

BL3



 

 

3 

 

 
 

Supplementary Figure 2. Schematic and fabrication flow of 3D-stack DRAM scheme. a, 

Single-gate sequential integration scheme with lateral misalignment result from photolithography 

deviation. b, DG SASS process flow without lateral misalignment.   
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Supplementary Figure 3. Electrical characterization of Ta metal gate and Ta2O5 gate oxide. 

a, I-V test for Ta metal line. Low resistivity of 25μΩ.cm is achieved. b, I-V test on flat capacitors 

with 7nm in-situ O3 oxidation Ta2O5 as insulator indicating low leakage current and high 

breakdown field. c, C-V test show high-k of 25 for in-situ O3 oxidation Ta2O5 with ~1.5 nm EOT.  
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Supplementary Figure 4. a, b TEM images and EDX mappings for the DRAM cell in Fig. 1b. 

Scale bar, 20 nm.  
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Supplementary Figure 5. Detailed process steps for vertical DG 2T0C cell which  clarify the 

positional differences observed  in the Fig. 1e. The positional differences between TR/TW possibly 

originate from the sidewall dry etching process. Specifically, we use one mask to etch both TR and 

TW. When the etching process goes to the bottom layer device, there exists a slight lateral over 

etching to the upper layer because of the small etching selectivity which results in the positional 

differences between TR and TW. This issue could be addressed by optimizing the dry etch process 

like applying a large etching selectivity process in the up/bottom layer. 
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Supplementary Figure 6. Gate structures in vertical TFTs. a, sidewall gate. b, horizontal gate. 

c, CAA. d, GAA. For comparisons between gate-all-around geometries and SG, DG structure, 

there exist a trade-off between channel control ability and fabrication complexity. Although 

vertical GAA structure can achieve the best performance with its gate-all-around topology, the 

fabrication cost of vertical devices make it hard to scale to large arrays. On the other hand, our 

vertical DG 2T0C cell enabled by the self-aligned single step process proposed in this work can 

be fabricated with less cost and achieves more reliable read operation by the DG control which the 

GAA cannot offer.  
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Supplementary Figure 7. Self-oxidation fabrication process. a, multi-layer depositing and hole 

etching. b, Ta metal gate self-oxidation to form High-k Ta2O5 insulator. c, ALD IGZO and second 

gate stack. 
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Supplementary Figure 8. Flow of ex-situ self-oxidation fabrication process. The self-oxidation 

and ALD step are performed separately and ex-situ result in an unsatisfactory interface quality.   
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Supplementary Figure 9. The impact of channel deposition methods on device performance. 

TEM image of morphology of 6nm IGZO film deposited by a, putter and b, ALD c, Extracted 

thickness of IGZO film along the channel direction on sidewall. ALD deposited IGZO layer shows 

more uniform thickness and the actual thickness shows no decreases compared to the target 

thickness. d, corresponding transfer curves with channel deposited by ALD and sputter. 
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Supplementary Figure 10. Contact optimized of DG IGZO VCT. a,b, Transfer and out 

characteristic of DG IGZO VCTs fabricated with different contact metal. The device with ITO S/D 

contact exhibits remarkable improvement in ION by 100x and 4x compared to the Mo and TiN, 

respectively. The possible reason is that ITO effectively prevents further oxidation during SASS 

heat treatment and the following ALD process. 
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Supplementary Figure 11. Device scaling of a, channel length b, channel width, gate insulator 

of c, ALD HfO2 and d, self-oxidation Ta2O5. The performance changes during the scaling process 

are universal, which indicates the good scalability. 
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Supplementary Figure 12. Process time in in-situ self-oxidation process. TEM image in the 

channel region of Ta layer under different oxidation time of a, 1h b, 1.5h and c, 2h. Scale bar, 

10nm. 
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Supplementary Figure 13. VTH modulation function of vertical DG device. a,b transfer curves 

in dual gate sweep(red line) and single gate sweep(blue line). a, OG sweep with VIG varies from -

1V to 2V in 1V step. b, IG sweep with VOG varies from -1V to 2V in 1V step. c, Corresponding 

threshold voltage shift (ΔVTH) vs. ΔVIG or ΔVOG extracted from a,b   
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Supplementary Figure 14. Thermal stability of IGZO DG VCTs. a, PBS characteristics after 

2V DG stress for 1 hour at 25℃ achieving 65 mV VTH shift. b, ΔVTH comparison at 25℃ and 85℃ 

after 2V DG stress for 1 hour. c, Benchmark comparison of PBTS with similar reported IGZO 

VTFTs. d, NBS characteristics after -2V DG stress for 1 hour at 25℃ achieving -7 mV VTH shift. 

e, ΔVTH comparison at 25℃ and 85℃ after -2V DG stress for 1 hour. f, Benchmark comparison 

of NBTS with similar reported IGZO VTFTs.  

  

1 3

0

100

200

400

−57

 

0.0 0.5 1.0

−40

−20

0

−1 0 1
10−14

10−11

10−8

10−5 1s

3600s

-7.0mV

-0.02 -0.01

10−9

1.1×10−9

1.2×10−9

VGS(V)

I D
S(
A
/μ
m
)

Δ
V

TH
(m

V
)

Tstress (ks)

DG Stress =-2V

85C

25C

DG Stress = -2V, 25C
L=   120  nm

[3]

NBTS

Tstress (ks)

|Δ
V

TH
|(

m
V
）

This work

SID23 60C

IEDM24 

25C85C

105C

[2]

1 10

50

100

150

375
 
 
 

This work

VLSI22 

IEDM24 60C  

SID23 60C

[3]

−1 0 1
10−14

10−11

10−8

10−5

1s

3600s

65.0mV

DG Stress = 2V, 25C
CD=200  nm
L=   120  nm

VGS(V)

I D
S(
A
/μ
m
)

0 1 2 3 4

0

20

40

Δ
V

TH
(m

V
) 25C

85C

DG Stress = 2V

Tstress (ks)

0.12 0.18

10−9

1.1×10−9

1.2×10−9

Tstress (ks)

|Δ
V

TH
|(

m
V
）

[2]
[1]

PBTS

80C

85C

ca b

fd e



 

 

16 

 

 

Supplementary Figure 15. Planar interconnect DG 2T0C DRAM bit-cell. a, circuit schematic 

and optical image. b, Timing diagram of read/write operation and VSN respond of data ‘1’ and data 

‘0’. c, Retention time of data ‘1’ and data ‘0’.  270s and over 500s retention time for  data ‘1’ and 

data ‘0’ is achieved. 
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Supplementary Figure 16. Additional retention time characteristic of Vertical DG DRAM cell. 
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Supplementary Figure 17 Read disturb due to RWL-SN coupling in 2T0C array. a, schematic 

of the RWL-SN coupling . b, dual-gate read strategy  to reduce the current disturbance.   
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 Supplementary Figure 18 Simulation result of array operation and parasitic analysis for 

2T0C array operation. a, Array operation. b, Parasitic analysis. The result indicating that our 4F2 

DG 2T0Ccell can achieve array level read/write operation and showing no obvious  current 

disturbance 
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Supplementary Table: 

Supplementary Table 1. Comparison of key metrics of state-of-the-art vertical TFTs. 

 

“*” is the extracted data from the figures in Ref. 
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Supplementary Table 2. Benchmark of representative AOS-based 2T0C DRAM cells. 
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