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Supplementary Figure 1. Description of 3D VRRAM. a, High-resolution transmission electron microscope (HRTEM) image 

and EDX line scan over TiN/HfO2/TaO2/TiN cross-section of the 3D VRRAM. b, Schematic of 3D VRRAM architecture. c, VW/2 

writing scheme. VW refers to the write voltage. d, Flow of program-verify. e, Distribution of readout current IBL of our multi-level 

self-selective (MLSS) 3D VRRAM. f, Drift of resistance with temperature. 
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Supplementary Note 1: The process flow of 3D VRRAM 

The process scheme of this 3D VRRAM is shown in Fig. 1b, which is described in our previous work [S.1]. Multiple TiN(20 

nm)/SiO2 (20 nm) are deposited by PVD and PECVD, respectively. A Trench is dry etched down to the bottom SiO2 layer to split 

the plane electrode (BL). After filled the trench by SiO2, a 500 nm hole is etched down. Then, the HfO2/TaOx bilayer were deposited 

on the sidewall sequentially by ALD and sputtering. Where the HfO2 served as the memory layer and the TaOx served as the 

selective layer. The pillar electrode (WL) is extracted by sputtering the TiN/W to fill the hole. Each horizontal BL was opened by 

selective etching successively. The area of the memory cell was defined by the thickness of bottom electrode TiN and the perimeter 

of the hole. From the HRTEM image over the cross-section of the device shown in Fig. 1a, the 500 nm hole structure and 8 layers 

vertical memory cells can be observed clearly. EDX line scan verified the bilayer device structure and identified interface. 3D 

VRRAM is an interface type structure different from that of some 2D RRAM conductive filaments, which occurs on the 

entire device area and does not form a conductive channel with strong conductivity locally. The device has uniform 

distribution and the resistance can be continuously modulated because of the change of the barrier between the electrode and 

the dielectric material or the process of charge capture/release by defects in the material body [S.2-S.3]. Multi-level resistance 

states could be obtained by modulating the voltage pulses on this memory device, as shown in Fig. 1e. The flow of program-verify 

is shown in Fig. 1d, only when Rmin<R<Rmax, the write operation finishes with a success flag, otherwise fail. Fig. 1f mainly 

describes the drift of resistance with temperature. 



 

  

 

Supplementary Figure 2. 3D VRRAM-based nvCIM macro using ADINWM scheme. a, Dataflow and architecture of anti-

drift multibit analog IN-W multiplication (ADINWM) for 1bIN-1bPW (purple lines) and 4bIN-4bPW VMM operation (green 

lines). The dotted lines show the corresponding dataflow of 1bIN-1bNW and 4bIN-4bNW operation in NWL. b, Implementation 

framework of proposed ADINWM scheme for 1bIN-2bW and 4bIN-5bW operations. c, Formula and table of 4bIN-4bPW operation 

in PWL. 4bIN-4bPW operation is divided into two 4-2-bit multiplications (multiplying 2-bit input by 4-bit input) and the results 

correspond to two output currents (IOUTH and IOUTL). The currents are converted to 6 bit digital signal by direct-small-current-

converter (DSCC) and then shift (OUTH shifts 2 bit to the left) and combine to complete the 4 bit multiplication operation for PW 

in PWL. All the multiplication results from 32 WLs are accumulated after 32 cycles in series by digital processor. The result makes 

difference with the result of 4bIN-4bNW operation in NWL to get the result of 4bIN-5bW. 
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Supplementary Note 2: Curretn digital-to-analog converter (DAC) in DSCC 

Supplementary Fig. 3(a) illustrates the schematic of current digital-to-analog converter in DSCC. DAC can convert the digital 

signal into analog current, which is used to compare with the input current to judge the approximation degree of the converted 

digital output. The current DAC consists of multiple current mirrors. The output to the comparator consists of the initial voltage 

and the divided voltage of pull-up DAC and pull-down current mirror of input current. Supplementary Fig. 3(b) demonstrates the 

waveform of the current mirror output to comparator and input current in current mirror when converted output is ‘01010101’. 

The DAC makes comparison for each beat and controls switches to adjust the output current. The difference between the input 

current and the DAC output current will cause the parasitic capacitance charging and discharging, thereby changing the output 

voltage. As the comparison bits reduces, the corresponding current difference and voltage fluctuation decreases. Double sampling 

means that in the first half of the clock cycle, an initial voltage of 0.9 V is applied and the gate capacitor of the comparator samples 

and holds it, which makes the complementary current mirror in the saturation region to reduce the voltage swing. In the second 

half of the cycle, the comparator samples again by adding the divider voltage. The initial voltage structure can reduce the latency 

of DSCC from 10 μs to 0.83 μs. The double-sampling circuit performs samplings and makes comparison twice in one clock cycle, 

which is more sensitive to voltage change, thereby ensuring the speed and accuracy of DSCC circuit.  

 



 

  

 

Supplementary Figure 3. Internal analysis of DSCC. a, Schematic of current digital-to-analog converter (DAC). b, Waveform 

of the current mirror output to comparator and input current in current mirror when converted output is ‘01010101’.  
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Supplementary Note 3: Energy consumption and energy ratio of DSCC 

Supplementary Fig. 4(a) presents the energy consumption and performance of DSCC with the change of comparison number. The 

complete conversion is completed within 1 us. Supplementary Fig. 4(b) shows the energy ratio of DSCC. The current DAC and 

pull-down current mirror of input current form the complementary current mirrors, which occupy the main power consumption of 

DSCC. The power consumption of complementary current mirrors is determined by the input current in pull-down current mirror. 

Therefore, when the input current is small enough, the power consumption of DSCC will be greatly reduced. Because there are a 

lot of sparse matrix calculation in CNN, it always guarantees relatively small input current. At the same time, the resistance of the 

3D VRRAM is high, and the readout current is further reduced. Therefore, the DSCC is conducive to the reduction of the power 

consumption of the whole system. 

 



 
  

 

 

Supplementary Figure 4. Quantitative analysis of DSCC. a, Energy consumption and performance of DSCC as a function of 

comparison number which refers to the resolution of DSCC. b, Energy ratio of DSCC.  
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Supplementary Note 4: Analog multiplier (AM) for 1bIN-2bW and 4-2-bit AM operation 

Supplementary Fig. 5(a) illustrates the schematic of 1 bit AM composed of current mirror. For 1bIN-1bPW operation, as shown in 

purple lines in Supplementary Fig. 2(a), the shaped current IShaped is input to AM and the current is multiplied by the input IN 

through current mirror to get the output currents IOUT. The current is converted to 1 bit digital signal by DSCC and complete the 1 

bit multiplication operation for input and PW in PWL. All the multiplication results from 32 WLs are accumulated after 32 cycles 

in series by digital processor. Then, make difference with the result of 1bIN-1bNW operation in NWL to get the final 1bIN-2bW 

VMM result. Supplementary Fig. 5(b) shows the schematic of 4-2-bit AM group for 4bIN-5bW operation. For 4bIN-4bPW 

operation, as shown in green lines in Supplementary Fig. 2(a), four shaped currents (IShaped0~IShaped3) are input to AM. Then these 

currents are multiplied by the input IN0~IN3 through current doublers (CDs) to get the output currents IOUTL and IOUTH. The current 

doubler is a current mirror variant that controls the output current by adjusting the size of the output transistor. The two currents 

are converted to 6 bit digital signal by DSCC and complete the 4-2-bit multiplication operation for input and PW in PWL. After 

32 cycles, all the multiplication results from 32 WLs are accumulated in series by digital processor. The difference between the 

result of 4bIN-4bNW operation in NWL and the accumulation results is the final 4bIN-5bW VMM result. Gate precharge switch 

follower (GPSF) has been added to reduce TAC due to the large parasitic capacitance of the output gate of current doubler. 



 
  

 

Supplementary Figure 5. Analog multiplier (AM). a, Schematic of 1 bit AM for 1bIN-2bW operation. b, Schematic of 4-2-bit 

AM group for 4bIN-5bW operation. N is the normalized width of CMOS transistor. 
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Supplementary Note 5: Influence of AM on system latency 

In our design, current-amplitude-discrete-shaping (CADS) circuit, DSCC and AM work in the form of pipeline, so the highest 

frequency of our nvCIM system is determined by the main modules. We find that the AM design has the greatest impact on the 

latency of the whole system. The latency of AM is reduced from 2.2 us without gate precharge switch follower structure to 1 us. 

The latency of DSCC is 10 us without using the initial voltage scheme, and the improved latency is 0.83 us. Therefore, AM 

determines the latency of the whole system. The two schemes reduce the latency from 10 us to 1 us. In other words, the frequency 

increases from 100 kHz to 1 MHz. 



  

 

Supplementary Figure 6. Hardware automatic test platform with 3D VRRAM-based nvCIM macro under FPGA 

control. The convolution kernel is written into RRAM in advance. The computer sends the 8-bit data to the field-

programmable gate array (FPGA). In the meantime, the address of the corresponding convolution core stored in the RRAM 

also needs to be sent to the FPGA. Then the FPGA sends the data and address of the corresponding weight to the chip, while 

to provide the clock. The chip performs multiplication and addition. After a convolution is completed, the chip outputs the 

result, which is read by the FPGA and sent back to the computer. The computer puts it on the result matrix, encodes and saves 

it, and further calculate the final results. Therefore, the code on the FPGA needs to control the pin, provide the clock, read and 

write data to the computer, which conduct the board control, image readout, encoding and decoding, displaying, and the saving 

of the results. 
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Supplementary Figure 7. Inference on MNIST dataset using 3D VRRAM-based nvCIM macro. a, Schematic of the self-

defined CNN.  Six 5×5 convolution kernels are programmed into 3D VRRAM. The rest modules are implemented by software 

(see Methods). b, Inference accuracy on the MNIST dataset. Compared with PWIVMM scheme, ADINWM scheme improves the 

accuracy by 0.81%. 

 

60

70

80

90

100

1bIN-2bW 4bIN-5bW 8bIN-9bW

In
fe

re
n

ce
 a

cc
u

ra
cy

 (
%

)

Ideal result

ADINWM

PWIVMM

96.27
94.70

93.89

97.85
97.04

98.05
97.21

a

b

Input

28× 28

6 kernels (5× 5)

feature extraction classification

6 feature maps

(24× 24)

6 feature maps

(12× 12)

2× 2

Max pooling

0
1

8
9

output
hidden neurons

200



 
  

 

Supplementary Figure 8. Power consumption at different configurations. 1bIN-2bW operation using PWIVMM scheme 

consumes more power because it includes 32 VMM operations in one cycle, while ADINWM scheme only includes one VMM 

operation in one cycle. 
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Supplementary Figure 9. Energy ratio at different configurations. a, Energy ratio of 1bIN-2bW VMM operation using 

PWIVMM scheme. b, Energy ratio of 1bIN-2bW VMM operation using ADINWM scheme. DSCC occupies the main energy 

consumption at this configuration, because we use the 8 bit DSCC as 1 bit DSCC. c, Energy ratio of 4bIN-5bW VMM operation 

using ADINWM scheme. d, Energy ratio of 8bIN-9bW VMM operation using ADINWM scheme. Because of the multi-level 

characteristics of our 3D VRRAM, we use four memristors to store 8 bit weights. Therefore, compared with 4bIN-5bW operation,   

3D VRRAM occupies less energy consumption. 

7%

54%

36%

3%

Energy Ratio of 4bIN-5bW VMM

3D VRRAM

DSCC

CADS+AM

Digital
Accumulator

15%

63%

18%

4%

Energy Ratio of 1bIN-2bW VMM
(ADINWM)

3D VRRAM

DSCC

CADS+AM

Digital
Accumulator

2%

60%

35%

3%

Energy Ratio of 8bIN-9bW VMM

3D VRRAM

DSCC

CADS+AM

Digital
Accumulator

a b

c d

85%

15%

Energy Ratio of 1bIN-2bW MAC 
(PWIVMM) 

3D VRRAM

DSCC

400nW

72nW

5nW6nW

19.8nW

1.4nW

144nW

24nW

5nW

1.8nW

84nW

36nW

7.2nW

5nW



Supplementary Note 6: Power consumption calculations of the different configurations. 

The power consumption, calculated by the average current and supply voltage at the same operating frequency, are based on the 

modules used in different working mode. The total power consumption can be calculated as follows: 

i i iP n I V  

where Ii represents the average current derived and calculated from the actual measured value, Vi denotes the supply voltage, ni 

is the number of the corresponding working modules. 

PWIVMM (1bIN-2bW) ADINWM (1bIN-2bW) ADINWM (4bIN-5bW) ADINWM (8bIN-9bW) 

n I (nA) V (V) P (nW) n I (nA) V (V) P (nW) n I (nA) V (V) P (nW) n I (nA) V (V) P (nW) 

RRAM 32 5 2.5 400 1 2 2.5 5 4 0.5 2.5 5 4 0.5 2.5 5 

CADS&AM 1 5 1.2 6 1 20 1.2 24 1 70 1.2 84 

DSCC 1 40 1.8 72 1 11 1.8 19.8 1 20 1.8 36 3 40 

(20) 

1.8 144 

DIGITAL 1 1.2 1.2 1.44 1 1.5 1.2 1.8 1 6 1.2 7.2 

TOTAL 472 32.2 66.8 240.2 

Notes about 4bIN-5bW and 8bIN-9bW modes: According to the typical MNIST dataset provided by the literature and the 

sparsity parameter provided, the percentage of 0 in the input matrix is more than 80% [S.4-S.6], we did the corresponding 

analysis and calculated power consumption. 



 

Supplementary Table 1. Comparison between this work and previous nvCIM works. FoM refers to figures of merit, which 

can be obtained from FoM = Energy Efficiency × Input Precision × Weight Precision × (Output Precision / Full Precision). Our 

work has achieved competitive results in computing precision, energy efficiency, FoM and inference accuracy on publication 

dataset. 

 

  

 

Works
Nature'20

[S.7]
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Nat. Electron'20

[S.11]

This Work
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Technology 130 nm 130 nm 130 nm 55 nm

Input  Precision  8b 1b 2b 4b 1b 8b 1b 1b 4b 8b

Weight  Precision 4b 2b 4b 4b 3b 2b 2b  2b 5b 9b

RRAM 1T1R 1T1R 1R MLSS Cell

Bit  Density (bit/um
2
) 14 0.59 N/A 58.2

Dimension 2D 2D 3D 3D

Capacity 16Kb  158.8Kb 1Kb 2Kb

Accumulation N/A 16 16 16 N/A 9 9 9 N/A 32 32 32 32

MAC  Output 

Precision
N/A 6b 10b 11b N/A 2b 3b 4b N/A 7b 7b 14b 22b

Ideal  Precision N/A 6b 10b 12b N/A 6b 6b 6b N/A 7b 7b 14b 22b

Power (W) 7.438m 0.84u 1.68u 1.89u 8-80u 8.03u 8.03u 7.97u N/A 472n 32.2n 66.8n 240.2n

Read Latency N/A 9.8ns 13.1ns 18.3ns 77us/image 4.9ns 9.8ns 14.8ns N/A 1us 250ns 840ns 1us

Power*Tac N/A 16.47f 43.94f 69.13f N/A 39.35f 78.69f 117.96f N/A 472f 8.05f 56.11f 240.2f

Energy  Efficiency

(TOPS/W)
11.02 121.38 45.52 28.93 78.4 50.85 25.42 16.95 19.48 135.59 62.11 29.94 8.32

Fom N/A 242.76 364.16 424.31 N/A 33.9 25.42 22.6 N/A 271.18 124.22 598.8 599.04

MNIST Accuracy 95.83% N/A N/A N/A 94.40% 89.16% 98.82% 99.03% 98.10% 93.89% 94.70% 97.04% 97.21%

CIFAR-10 Accuracy 94.08% N/A 90.18% N/A N/A N/A N/A N/A N/A N/A N/A N/A 90.54%

   ISSCC'20 [S.8] Nat. Electron'19 [S.10]   This  Work (ADINWM)

22 nm 65 nm 55 nm

1b

2b

1T1R 1T1R MLSS Cell

2Mb 1Mb 2Kb

N/A N/A 58.2

2D 2D 3D



 

Supplementary Figure 10. 3D VRRAM-based nvCIM macro. a, Die photo of our chip. b, Summary of our chip. 
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