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ABSTRACT 
The monolithic 3D integration of resistive switching 

random access memory (RRAM) is one attractive 
approach to build high-density non-volatile memory. In 
this paper, the design considerations of 3D vertical RRAM 
architecture are presented from the device, circuit to 
system level. Due to the voltage drop and sneak path 
problem, the sub-array size of the 3D NAND is still 
limited as compared with that of the 3D NAND. To be 
cost-competitive with the 3D NAND, high on-state 
resistance, high I-V nonlinearity and low interconnect 
resistivity is required to enable Mb 3D RRAM sub-array. 
Although the 3D RRAM has disadvantage in array 
efficiency (consequently in cost per bit) than the 3D 
NAND, the 3D RRAM outperforms the 3D NAND In 
throughput performance at system-level. 

INTRODUCTION 
The 2D NAND FLASH now faces challenges for 

scaling toward 10 nm [1], therefore various 3D NAND 
FLASH architectures have been proposed [2-4], paving a 
way towards TB-scale non-volatile memory (NVM). 
Meanwhile, emerging NVM technologies have been 
extensively studied in recent years in order to realize 
high-density, fast-speed and low-cost memory 
architectures. The resistive switching random access 
memory (RRAM) is a one of the competitive candidates 
for next-generation NVM due to its low programming 
voltage «3 V), fast switching speed «10 ns), good 
endurance (>106 cycles), and good compatibility with 
conventional CMOS fabrication [5]. Following the path 
towards 3D vertical channel NAND, the vertical RRAM 
structure also offers a cost-competitive approach for the 
monolithic 3D integration of RRAM at back-end-of-line 
(BEOL). The vertical RRAM makes the RRAM cell 
sandwiched between the pillar electrode and the multiple 
plane electrodes, and only one critical lithography step is 
required after sequentially depositing multiple layers [6]. 

Recently, various oxide-based vertical RRAM 
structures have been experimentally demonstrated 
showing good characteristics at single device level [7-11]. 
Therefore, it is necessary to assess the 3D RRAM 
performance at array level. A few modeling works [12-13] 
have been performed to analyze various 3D RRAM 
architectures on the geometry scaling trend, the design of 
the write/read scheme, and impact of device parameters, 
etc. This paper reviews the modeling works [12-13] and 
extends the evaluation of 3D RRAM to the system-level. 
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3D RRAM ARRAY MACRO MODELING 
The schematic of 3D vertical RRAM array is shown 

in Fig. 1. The word lines (WL), the bit lines (BL) and the 
select lines (SL) are used to decode the 3D array. WLs are 
connected to one edge of each plane electrode. BLs 
located at the bottom of the array are connected to the 
pillars. Vertical transistors in series with the pillar 
electrodes are controlled through select lines (SL). 

The feature size (F) is defined as the diameter of the 
pillar electrode (d) plus twice the RRAM metal oxide 
thickness (tox), and is also half the distance between the 
centers of neighboring pillar electrodes. For a given 
etching aspect ratio (AR), the maximum height of the 3D 
structure can be calculated as FxAR, which sets a 
limitation to the number of the 3D layers. Each layer 
consists of an isolation layer with thickness ti and a plane 
electrode with thickness tm• These geometry parameters 
are also labeled in Fig. I. The plane and pillar interconnect 
resistance can be estimated using the resistivity and these 
geometry parameters. 

Fig. 1. Schematic of the 3D vertical RRAM array. Word 

lines (WL) are connected to one edge of each plane 

electrode. Bit lines (BL) located at the bottom of the array 

are connected to the pillars. Vertical transistors in series 
with the pillar electrodes are controlled through select 

lines (SL). 

The 3D vertical RRAM array can be viewed as a 
group of vertical 2D planes selected by the SL, thus the 
bias schemes can follow the "V/2 " write scheme and 
"read-in-a-row read " scheme in a 2D RRAM array once a 
certain vertical plane is activated. Specifically, for the 
write operation, the WL and BL voltage of the selected 
cells are the write voltage (V w) and 0, respectively, while 
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others are Vw/2 to prevent the unintentional write. The 
worst-case cells are located farthest from the WLs and 
BLs with all other cells being ON. For the read operation, 
the WL voltage of the selected row is V R, while other WLs 
and BLs are O. In this way multiple cells in the same row 
are read out, and the current through each BL will be 
sensed by the current-mode sense amplifier. The 
worst-case pattern for read "ON " is when all other cells 
are OFF, and for read "OFF " is all other cells are ON. 

For typical RRAM devices with an average switching 
voltage of 2 V, a possible switching range of 1.7 V�2.3 V 
is assumed, as shown in Fig. 2. In this work, the write 
access threshold is set to 2.5 V to ensure a safe write 
operation, and Vw is set to 3 V to obtain a 0.5 V toleration 
of access voltage drop on the interconnect. Meanwhile 
V w/2= 1.5 V is lower than 1.7 V to avoid the disturbance of 
the half-selected cells. For the read margin, the difference 
in the readout current (�I) of ON and OFF states is used as 
the read margin of a current-mode sense amplifier. In this 
work, a minimum M=50 nA is used as the criterion for a 
fast sensing latency within I D's ns. The maximum VR is 
the same as the Vw/2 to avoid the disturbance of the 
half-selected cells. 

In order to simulate the vertical 3D RRAM array, we 
have developed a 3D sub-circuit module (2x2x2) with 
RRAM resistors and interconnect resistors in HSPICE. 
The sub-circuit module is then replicated in the 3D space 
to simulate a larger array up to 128 x 128 (horizontal plane) 
x 16 layers =256 kb. A summary of the parameters used in 
this simulation is listed in Table I. In the following section, 
DC simulation will be performed to explore the design 
space of the 3D vertical RRAM array. RRAM device I-V 
nonlinearity is defined as the ratio of resistance at Vw/2 to 
that at Vw. Here we assume both the ON and OFF states 
have the same nonlinearity, and Ron and Roff are referred to 
as the resistances at V w. In the next, we will see that Ron 
and nonlinearity play important roles in the array 
performances, thus a sweep of these two parameters is 
needed. Unless specified, F=30 nm, RofF2.5 MQ, and Cu 
interconnect are the default parameters used in the 
simulation. 

Unsafe write 
Read 
Disturbance voltage on 

half-selected cells 
(Vw/2) 

I 

Safe write 

Write access 
threshold Vw 

� 
1.5 1.7 2 2.3 2.5 3 

Applied voltage (V) 
Fig. 2. Switching voltage distribution (10 ns pulse) of typical 
RRAM devices in an array. The minimum voltage for a 

successful write is designed to be 2.5 V For Vw=3 V, the 

tolerable voltage drop on interconnects is 0.5 V VwI2=1.5 V 
can avoid the disturbance of the half-selected cells. The 

maximum VR is also 1.5 V 
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TABLE I Simulation Parameters 

Symbol Parameters V alue 

F Feature size ofthe design 30 nm 
AR Etching aspect ratio 16 

tm 1 ti 
Plane electrode 1 Isolation layer 

20 nm l 10 nm 
thickness 

tox Metal oxide layer thickness S nm 
d Diameter of the pillar electrode 20 nm 

VW/ VR WritelRead voltage of a selected cell 3 VI O.S V-l.S V 
Ron RRAM ON-state resistance at Vw 2S kO- S OO kO 
Roff RRAM OFF-state resistance at Vw 2.S MO- S OMO 

Nonlinearity ratio Sx- 200x 
Plane interconnect resistance (Cu)" 6.960 
Pillar interconnect resistance (Cu)" S.220 

Saturation current ofthe vertical 
IOOIiA 

transistor 

" Between adjacent cells 

It is known that the limiting factors of write/read 
margin in a cross-point array is the interconnect resistance 
and the sneak path current [14]. Both the interconnect 
resistance and the sneak path current contribute to the 
voltage drop on the interconnect wires, thus the actual 
write voltage drop on the memory cell is reduced. To 
increase the write margin, a high Ron or a high nonlinearity 
is desired [14]. However, a high Ron or a high nonlinearity 
inevitably decreases the read out current, thus the read 
margin degrades. Therefore, there is a fundamental 
conflicting nature between the write margin and the read 
margin. Therefore, it is necessary to seek an optimal 
design point by sweeping the parameters Ron and 
nonlinearity. Fig. 3 shows the Shmoo plot that describes 
the read/write success/failure of a 128x 128x 16 array with 
different Ron and nonlineary for (a) VR=0.5 V and (b) 
V R= l.5 V. It is seen that V R= l.5 V can relax the constraint 
on the read sense margin, thus more combinations of Ron 
and nonlinearity can pass the criterion. Either a high Ron 
> I 00 kQ or a high nonlinearity> I 00 is needed to enable a 
256kb 3D array. 

VR"'O.5V VR""1.5V 

500kC 500kC IIllrl .� 
250kO 250kO I.JIl ,. 

& 125kO & 125kO 

50kO 50kO 

25kC 25kO 
I 

5x lOx 20x SOx 100x 200x Sx 10x 20x SOx 100x 200x 

(a) Nonlinearity (b) Nonlinearity 

Fig. 3. Shmoo plot with different Ron and nonlinearity in a 

128x128x16 array for (a) VR=0.5 V and (b) VR=1.5 V The 

write and read margin conflicts with each other. A high Ron 
and a high nonlinearity help improve write margin, however 

also are detrimental to the read margin. By increasing VR 

from 0.5 V to 1.5 V, more combinations of Ron and 

nonlinearity can pass the criterion. 
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Besides the RRAM device characteristics, the 
interconnect material is also a limiting factor of the array 
performance due to the voltage drop on the interconnect 
resistance. The effect of three interconnect materials 
copper (Cu), tungsten (W) and titanium nitride (TiN), is 
examined. The resistivity of W and TiN are approximately 
4 times and 20 times that of Cu, respectively. Fig. 4 shows 
(a) write margin and (b) read margin with different 
interconnect materials as a function of array planar size for 
a 16-layer array. The performance degradation of the 
commonly used RRAM electrode materials (TiN) is not 
tolerable. Although Cu is good for low interconnect 
resistance, the fast diffusion of Cu is a concern for the 
RRAM reliability. Therefore, in the future RRAM 
engineering, other low resistivity electrode materials 
should be explored. 

It is worth evaluating the energy consumption at the 
array level. Fig. 4 shows (a) write energy and (b) read 
energy with different Ron as a function of array planar size 
for a 16-layer array. Only the static energy consumption is 
considered here. Increasing Ron or nonlinearity is helpful 
to reduce the write energy consumption. For Ron=500 k!1 
and nonlinearity=5x, the write energy consumption for 
writing a single bit is about 100 pJ. When VR is boosted to 
1.5 V, the read energy is nearly equal to the write energy 
because the half write voltage is also l.5 V. However, 
considering the read-in-a-row scheme, the read energy per 
bit is much less than the write energy per bit. 

500.-----------, 

1400 

�2.5 .� V.=1.5V 

:. 300 Nonlinearity=5x g 
VI VI II> 

Nonlinearity=5x 

� 2 �c�unnect material 
.! ___ w 
� -TiN 

E Ron=500kn, Roft=2. n 

Interconnect material 
-+-Cu -TiN 
__ w 

1.5 L-_----' __ ----'-__ ---' 0 L-_----'-__ ---'-__ -' 
16x16 32x32 64x64 128x128 16x16 32x32 64x64 128x128 (a) Array planar size (b) Array planar size 

Fig. 4. A 16-layer 3D RRAM array performances with 
different types of interconnects as a function of array planar 

size. (a) The write access voltage of the selected cell. (b) The 

read sense margin. 

1�x16 

(a) 

Nonlinearity=5x 

32x32 64x64 
Array planar size 

'" Cl 
� lOOp II> 
"0 '" II> 
� 10 

128x128 
(b) 

1�x16 

V.=1.5V 
Roff=2.5Mn 
Nonlinearity=5x 

32x32 64x64 128x128 
Array planar size 

Fig. 5. Static energy consumption for activating the whole 3D 

RRAM array (16 layers) with different Ron as a function oj 
array planar size. (a) write operation for a single bit and (b) 

read operation for read an entire row. 
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3D RRAM SYSTEM BENCHMARK 
We implement the architecture of the 3D vertical 

RRAM design in NVSim [15], which is an open source 
modeling framework for emerging NVM technologies. 
With the modification of the modules of write drivers and 
sensing circuitry/structure in NVSim, the circuit-level 
chip area, latency, and power/energy consumption can be 
estimated. We also construct a cost model of RRAM based 
on the IC Knowledge LLC [16], which has data for 
fabrication processes including lithography, deposition, 
etching, etc. In the following, we benchmark of 64 Gb 
chips for NAND FLASH (2D and 3D) and RRAM (2D 
and 3D). Multi-level cell (MLC) is considered in NAND. 
Although MLC is also possible for RRAM, it is not 
considered here due to the challenges for RRAM 
variability control. To simplify the comparison, the 
calculations are based on the same feature size F=30 nm 
for different memories, although the 20 NAND has been 
aggressively scaled to � 15 nm. Fig. 6 compares the die 
area and the cost per GB of NAND and RRAM. It is seen 
that the 3D RRAM is less cost-competitive than its 3D 
NAND counterpart. The reason is that the 3D RRAM 
sub-array size is still quite limited (up to 256 kb) due to the 
constraints by the write/read margin as simulated above, 
while the typical NAND has > Mb sub-array size (e.g. 
SKB page size with 32 transistors in a string). In addition, 
the peripheral circuitry (e.g. write driver and sense 
amplifiers) of the RRAM is typically larger than that of the 
NAND. The array efficiency of the RRAM is worse than 
that of the NAND, consequently, the cost per bit of RRAM 
is worse than that of the NAND. 

Next, we perform the trace based simulations by 
customizing a disk simulator with SSD extension [17] to 
evaluate the NAND and RRAM performance. Different 
workloads with various I/O request frequency and patterns 
are simulated, including the workloads (iozone and 
postmark, as well as financial and websearch) [IS]. In the 
macro model of storage memories, the different peripheral 
delays between 2D and 3D memories in the system-level 
performance evaluation can be ignored. We use 
generalized timing parameters for NAND and RRAM. 
Table II summarizes the page read/program latency of 
them and the block erase latency of NAND. These 
specifications are based on 64 Gb NVM dies with SKB 
page size, and the I/O date transfer rate is 166MBps. 

6 3.6 N' 

�4 

I 0 ,.... 1-
" '- 24la ';" , " �:� 

Q) 2 ', I \ � < ' " \ 12G) 

B 0 
111- - - - .. ___ .".:' iII- - .!E 

2D NAND 2D NAND 3D NAND 3D NAND 20 3DRRAM 
0.0 

(SLC) (3b/c) (SLC) (2b/c) RRAM 

Fig. 6. Area of 64Gb (left y-axis) chip and cost per 

GB(right y-axis) at F = 30 nm for 2D SLC NAND, 2D 

3b/c MLC NAND, 3D SLC NAND, 3D 2b/c NAND, 2D 

RRAM, and 3D RRAM. 
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ElRRAM 

J 

RRAM 
6.4 
0.5 

N/A 

Dostmari<. websearch 

Fig. 7. lOPS comparisons between NAND and RRAM 

across different applications at system-level. 

Fig. 7 shows the performance comparison in terms of 
I/O operation per second (lOPS) between NAND and 
RRAM. It is observed that RRAM as NAND replacement 
can improve the system throughput greatly. The 
increasing of lOPS are remarkable for the workloads with 
high (e.g. iozone) and modest (e.g. postmark) write 
intensity. Performance improvement over read-intensive 
workloads (e.g. financial and web search) are also 
noticeable for RRAM. 

CONCLUSION 

In this paper, the design considerations of 3D vertical 
RRAM architecture are studied from the device, circuit to 
system level. The voltage drop on the interconnect 
resistance and the sneak path current affect the write/read 
margin thus limit the 3D RRAM sub-array size. To be 
cost-competitive as 3D NAND, high on-state resistance, 
high I-V nonlinearity and low interconnect resistivity is 
required to enable 3D RRAM sub-array size above Mb. 
Although the 3D RRAM has disadvantage in array 
efficiency (consequently in cost per bit) than the 3 D 
NAND, the 3D RRAM still outperforms the 3D NAND in 
throughput performance at system-level. 
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