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Abstract: This work presents the design and experimental demonstration of a novel dual-storage-port nonvolatile SRAM based 
on back-end-of-the-line processed Hf0.5Zr0.5O2-based metal-ferroelectric-metal capacitors, which offers significant advantages 
over the conventional single-storage-port version without area penalty, and paves the way for implementing our proposed 
selector-free 3D cross-point memory. 
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I. INTRODUCTION1 
onvolatile SRAM (NVSRAM) combines the 
advantages of SRAM, such as high speed and low 

power consumption, and non-volatility, which are highly 
desired for numerous applications in the era of Internet-of-
Things (IoT) [1-6]. One of the most promising NVSRAM 
designs integrates SRAM cells with nonvolatile 
ferroelectric capacitors. Miwa et al. proposed and 
demonstrated a 6-transistor-2-capacitor (6T2C) NVSRAM, 
based on conventional perovskite ferroelectrics, which are 
difficult to scale beyond the 130 nm node [2]. Recently, 
ferroelectricity has been demonstrated in the HfxZr1-xO2 
(HZO) material system fabricated at relatively low 
annealing temperatures (≤ 450 0C), suggesting the 
possibility of fabrication using the Back-End-of-the-Line 
(BEOL) process [7-11]. M. Kobayashi et al. successfully 
demonstrated functionalities of the NVSRAM with the 
same 6T2C configuration using the newly discovered HZO-
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based ferroelectric capacitors [5,6]. However, the attractive 
properties of HZO ferroelectric capacitors, especially their 
BEOL compatibility, remain to be further exploited for 
novel applications. 

In this paper, we propose and experimentally 
demonstrate a novel 6T4C dual-storage-port NVSRAM by 
simply integrating two pairs of HZO-based ferroelectric 
capacitors onto SRAM cells through the BEOL process. 
The information can be selectively stored into and recalled 
from two nonvolatile storage ports, providing advantages 
over the traditional single-storage-port NVSRAM and 
offering one more choice to various IoT application 
scenarios. Moreover, our work can also be seen as one step 
further towards the realization of the 3D selector-free cross-
point memory introduced last year by one of the authors 
[12,13]. 

 

II. EXPERIMENTAL 
For experimental demonstration, the front-end process of 

our dual-port NVSRAM was carried out at a commercial 
foundry based on its 0.18 µm technology node, and then the 
test wafers were transferred to a pilot line facility for the 
subsequent BEOL fabrication that included the HZO-based 
metal-ferroelectric-metal (MFM) capacitors with TiN as the 
electrodes and 10 nm atomic-layer-deposited (ALD) HZO 
films sandwiched in between. A nitride cap layer was used 
after the front-end process for protection during the 
transport, which was stripped off before the BEOL 
fabrication. A post-deposition annealing step at 450 0C for 

Dual-storage-port Nonvolatile SRAM based on  
Back-end-of-the-line Processed Hf0.5Zr0.5O2 

Ferroelectric Capacitors Towards 3D Selector-
free Cross-point Memory 
Hao Jiang, Owen Li, Wen Li and T.P Ma, Fellow, IEEE 

N 

mailto:hao.jiang@yale.edu
mailto:t.ma@yale.edu
mailto:wchen@apmemory.com


30s was employed to form the ferroelectric phase. The 
compatibility of the HZO-based ferroelectric capacitors 
using the same annealing temperature as the CMOS process 
was also demonstrated recently by T. Francois et al. [10], 
which suggests their potential for mass production. During 
the electrical measurements of these stand-alone MFM 
capacitors, the top electrodes were biased with the bottom 
electrodes grounded. 

 

III. RESULTS AND DISCUSSION 

A. Design and Principle of Our Dual-storage-port 
NVSRAM 
Fig. 1(a) shows the circuit diagram of a conventional 

6T2C single-storage-port NVSRAM, which consists of a 
6T-SRAM portion and a nonvolatile storage port by directly 
connecting two ferroelectric capacitors to the SRAM cell 
storage nodes (A and B) [2,5]. The READ and WRITE 
operations in such NVSRAM are similar to those in a 
standard SRAM, except that the plate line is constantly 
biased at Vdd/2, where Vdd is the supply voltage. To store 
a value into an NVSRAM cell before power-off, the plate 
line (PL) is first pulled up to Vdd and then lowered to the 
ground level, resulting in different polarization states in the 
two ferroelectric capacitors. To recall the stored value when 

the power supply is back, one can either increase the power 
line (PWL) to Vdd with the PL kept at the ground level 
[2,5] or pull up the PL to Vdd before raising the PWL 
voltage from the ground level to Vdd [1], leading to the 
voltage difference at nodes A and B because of the 
difference in differential capacitance of the ferroelectric 
capacitors with opposite polarization states, and finally 
results in SRAM latching onto the pre-stored state. The Vdd 
needs to be carefully chosen such that, with Vdd applied 
during a STORE/RECALL operation, the voltage across the 
ferroelectric capacitors should be sufficient to trigger 
polarization switching, while no switching should occur 
when Vdd/2 is applied to the PL. It should be noted that the 
integration of extra capacitors delays the WRITE speed 
while it can shorten the read access time, making such 
NVSRAM more promising for many read-centric 
applications, which is the trend nowadays [2]. 

Our proposed 6T4C dual-storage-port NVSRAM 
configuration is shown in Fig. 1(b). Because of their simple 
structure and the BEOL compatibility, two pairs of HZO 
ferroelectric capacitors can be readily stacked onto a SRAM 
cell without increasing the cell area during the BEOL 
process, serving as two storage ports. One of the two PLs 
will be at Vdd/2 if the corresponding storage port is not 
selected during the STORE or RECALL operations. Our 
dual-port design allows changing from one port to the other 

 
 
Figure 1 (a) Conventional 6T2C single-storage-port NVSRAM configuration [2,5], (b) our novel 6T4C dual-storage-port NVSRAM configuration, and (c) 
our proposed 3D selector-less cross-point memory architecture with differential design. 

 
 

Figure 2 (a) Typical PV hysteresis loops for HZO-based ferroelectric capacitors with 4 different area sizes after wake-up. (b) PUND measurements using 
the RC circuit as shown in the inset, and (c) Results of endurance tests of a 20 × 20 µm2 capacitor. The rise/fall times and pulse width are all 100ns. 

 
 
Figure 3 (a) A partial photo of the fabricated chip shows contact pads 
assigned to different lines. (b) Bias conditions for the dual-storage-
port NVSRAM during operation. (c) Schematic waveforms applied to 
PWL and PL1/2 during STORE and RECALL. 

 
 
Figure 4 Demonstration of successful STORE/RECALL on a selected 
storage port with the other as the back-up. The storage port 1/2 refers to 
the pair of ferroelectric capacitors connected to PL1/2. The measured 
high currents are in blue to guide the eye. 
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before it is worn-out, which can extend the device lifetime 
when compared with the previous single-storage-port 
design. More importantly, the dual-storage-port NVSRAM 
provides the unique flexibility that one can selectively 
store/recall different information into/from the two ports 

without doubling the transistor count nor increasing the cell 
area. We should also note that, although the introduction of 
an extra pair of capacitors will affect the programming 
speed, our dual-storage-port NVSRAM holds the potential 
for many applications with relaxed requirements on the 
WRITE speed. 

By further integrating more pairs of ferroelectric 
capacitors and making them into arrays, we can realize the 
3D selector-free cross-point memory architecture with 
differential design, as illustrated in Fig. 1(c), which is very 
attractive [12,13]. Each memory cell consists of only one 
pair of ferroelectric capacitors, without a transistor or any 
other selector device. However, further memory cell 
engineering may be required to optimize the above. For 
example, an ideal square-shape polarization-voltage (PV) 
hysteresis loop with large switchable polarization charge is 
desired, which has been recently demonstrated in the Al1-
xScxN material system [14]. 

 

B. Characteristics of Fabricated Stand-alone HZO 
Ferroelectric Capacitors 
Fig. 2(a) shows the typical PV hysteresis characteristics 

of stand-alone HZO ferroelectric capacitors with areas 
ranging from 20 × 20 μm2 to 1 × 1 μm2, where no 
significant size-dependence is observed, suggesting good 
potential for further scaling. The standalone capacitors are 
fabricated along with the dual-port NVSRAM devices on 
the same wafers through the same BEOL fabrication 
process. The PV loops were collected after a wake-up 

procedure (data not shown here). The statistical results of 
20 × 20 µm2 ferroelectric capacitors from 10 dice were 
obtained, demonstrating excellent device-to-device 
uniformity. The +/- Pr exhibit mean values of 20.311 and -
20.918 μC/cm2, with small standard deviations (STDs) of 
0.2441 and 0.292 μC/cm2, respectively. The mean value 
and STD for + Vc are 1.269 V and 17 mV, while for -Vc are 
-0.968 V and 25 mV. We performed the Positive-Up-
Negative-Down (PUND) measurements of a 20 × 20 μm2 
capacitor with an RC circuit as shown in Fig. 2(b). The 
voltage pulses have a rise/fall edge/width of 100 ns. The 
HZO ferroelectric capacitor can switch within 100 ns in our 
experimental setup, and faster speed is expected if the 
parasitic RC-delay can be reduced in the measurement 
system. Fig. 2(c) shows the endurance test results of a 20 × 
20 μm2 capacitor under two different electric fields of the 
same pulse shape shown in Fig. 2(b). Under an applied 
electric field of 2.5 MV/cm, the capacitor continued to 
switch over 1011 cycles without breakdown. By 
extrapolation, a switchable polarization (Psw) higher than 10 
μC/cm2 can be achieved after 1012 cycles. The results 
shown above serve to demonstrate rather reliable 
ferroelectric properties in the BEOL-processed HZO 
capacitors. 

 

C. Demonstrated Functionality of our Dual-storage-port 
NVSRAM 
 The proposed 6T4C dual-storage-port NVSRAM 

devices were fabricated and their functionality was 
demonstrated. For the test devices, the six transistors for the 
SRAM portion have the same channel width/length of 1 
µm, and the four ferroelectric capacitors have a size of 0.64 
× 2.6 µm2 each. A partial photo of the fabricated chip is 
shown in Fig. 3(a), illustrating the contact pads assigned to 
different lines. The bias conditions for our dual-storage-port 
NVSRAM during normal SRAM READ/WRITE, STORE 
and RECALL operations are listed in Fig. 3(b). The 
waveforms applied to the selected/unselected PLs and the 
PWL for STORE and RECALL are schematically shown in 
Fig. 3(c). During measurements, Vdd is set to be 2.5V, and 
a world line (WL) voltage of 2V/0V is used to turn on/off 
the access transistors. For simplicity, the two bit-lines (BL 
and BL#) were biased with DC signals for WRITE and 
READ operations. To read out the state of the SRAM 
internal nodes (A and B) before power-down, or after 
RECALL when power-up, we pull up the two bit-lines (BL 
and BL#) to a high voltage level and measure their currents. 
It should be noted that quantitative analysis of the circuit’s 
WRITE/READ speeds requires on-chip sensing circuits, 
which is included in our on-going/future work. 

We first perform STORE and RECALL operations when 
one of the two ports is selected with the other unselected as 
the back-up. The measured currents from BL and BL# are 
listed in Fig. 4, illustrating successful RECALL of the pre-
power-down SRAM states when the power is back. The 
demonstrated endurance of the HZO ferroelectric capacitors 

 
 
Figure 5 Demonstration of successful STORE and selective RECALL 
on the two storage ports. The storage port 1/2 refers to the pair of 
ferroelectric capacitors connected to PL1/2. The measured high 
currents are in blue to guide the eye.  



ensure the NVSRAM devices are capable of sufficient 
power-down/RECALL cycles. The HZO ferroelectric 
capacitors can reliably retain their polarization states at 
room temperature and elevated temperatures [10], 
contributing to the robust data retention of the NVSRAM 
cells [6]. Successful RECALL has been experimentally 
demonstrated over 14 hours after power-down. 

Finally, and more significantly, we have demonstrated 
that digital values can be stored in both ports and one can 
selectively RECALL from either of them. Fig. 5 shows the 
experimental results from all four cases, which serve to 
highlight the novelty of our dual-storage-port NVSRAM.  

 

IV. CONCLUSION 
We have proposed and experimentally demonstrated a 

novel 6T4C NVSRAM, which is promising for numerous 
IoT applications, such as multiple context memory and 
programmable logic devices. Our work also suggests the 
possibility of incorporating 3D selector-less cross-point 
memory by integrating many pairs of ferroelectric 
capacitors through the BEOL process.  
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