
Nonvolatile Memory Design Based on Ferroelectric FETs

ABSTRACT
Ferroelectric FETs (FEFETs) offer intriguing possibilities for the 
design of low power nonvolatile memories by virtue of their three-
terminal structure coupled with the ability of the ferroelectric (FE) 
material to retain its polarization in the absence of an electric field.
Utilizing the distinct features of FEFETs, we propose a 2-transistor 
(2T) FEFET-based nonvolatile memory with separate read and 
write paths. With proper co-design at the device, cell and array 
levels, the proposed design achieves non-destructive read and 
lower write power at iso-write speed compared to standard FE-
RAM. In addition, the FEFET-based memory exhibits high 
distinguishability with six orders of magnitude difference in the
read currents corresponding to the two states. Comparative analysis
based on experimentally calibrated models shows significant 
improvement of access energy-delay. For example, at a fixed write 
time of 550ps, the write voltage and energy are 58.5% and 67.7%
lower than FERAM, respectively. These benefits are achieved with 
2.4 times the area overhead. Further exploration of the proposed 
FEFET memory in energy harvesting nonvolatile processors shows
an average improvement of 27% in forward progress over FERAM.
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1. INTRODUCTION
Nonvolatile memories (NVM) are being actively explored with the 
objectives to achieve zero stand-by leakage and high integration 
density, and thereby attain a large boost in the energy efficiency 
and storage capacity of on-chip caches for embedded applications 
and energy autonomous systems [1-5]. Moreover, non-volatility in 
storage can be useful for the design of nonvolatile processors in 
terms of boosting the forward progress of computation by storing 
the state of the system in the event of a power failure [1][4][6].
Recent research in the co-operation of NVM and architecture 
policies has revealed more optimization potential. Such promising 
attributes have led to the exploration of several nonvolatile memory 
technologies. However, so far, no single technology has been able 
to meet all the requirements needed for a robust low power memory 
array. Spin-based memories based on magnetic tunnel junctions [7]
look promising in most aspects; however, poor distinguishability
yields low sense margins. Resistive RAMs [5][19] and phase 
change memories [5] have high distinguishability but poor 

endurance.  Ferroelectric capacitor memories (FERAMs) offer high 
endurance, but low read stability and a destructive read operation 
exacerbates the read-write conflict [8]. Therefore, there is a 
pressing need for novel nonvolatile memory solutions to counter 
the limitations associated with the existing techniques.
Ferroelectric transistors (FEFETs) offer opportunities to alleviate 
the aforementioned problems by virtue of their distinct properties 
such as (a) polarization retention in the ferroelectric (FE) layer at 
zero electric field, (b) control of the drain current by the FE 
polarization and (c) low voltage switching of polarization on the 
application of suitable electric fields on the gate. Such unique 
properties allow separation of read and write paths of the memory, 
thereby mitigating the design conflicts. However, to exploit the 
benefits of FEFETs, proper device-circuit-array co-design is 
required. In this paper, we explore the cross-layer design of 2-
transistor (2-T) FEFET memory with the objectives to (a) achieve 
stable and nonvolatile memory states with an enormous difference 
in their resistances via appropriate device optimization, (b) ensure 
disturb-free read operation, (c) maximize the energy efficiency by 
judicious cell design and (d) minimize the area penalty due to 
separation of read-write paths by innovative array organization.  
It is important to mention that several previous works [5][9] have 
employed structures with separate read-write paths to optimize 
nonvolatile memory devices and bit-cells. For example, several 
multi-port spin-memories [15] offer low voltage write operation.
However, in spite of read-write path separation, their 
distinguishability (maximum resistant ratio ~7X [15]) is not
comparable to the proposed design (resistance ratio ~106). The 
metal ferroelectric insulator semiconductor (MFIS) transistors and 
FETRAM, discussed in [9][10] use the polarization stored in the 
gate of the transistor to overcome the destructive read issue. 
However, these transistors require high voltages up to 7 V for the 
write operation [10]. In our work the proposed FEFETs leverage 
the negative capacitance mechanism discussed in [11] to achieve 
low voltage operation. Distinct from prior work that has focused on 
the circuit-level implementation of a single-bit cell using FEFETs 
[9], this paper shows that device-circuit-array co-design is 
necessary to achieve optimized power-performance-area trade-offs. 
Note that the proposed FEFET memory is different from [10] which 
is designed for page-level access using a different ferroelectric 
device with much higher operation voltage (up to 7V), whereas this 
work supports bit-level access using supply voltages lower than 1V.
Our contributions in this paper are summarized as follows.
x We propose FEFET 2T memory with high distinguishability

read disturb free operation and low read/write energy.
x We investigate a novel array design for the proposed memory 

to mitigate the area penalty compared to FERAMs. 
x Based on experimentally calibrated circuit compatible

models, we perform extensive analysis at the device, cell, 
layout and array levels to quantify the benefits and trade-offs 
associated with the proposed design. 
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x We evaluate the impact of replacing FERAMs with FEFET 
based memories in a nonvolatile processor (NVP), and show 
27% forward progress improvement in low power scenarios.

2. BACKGROUND 
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Figure 1. (a) FEFET structure; (b) transistor capacitance 
model; (c) PE loop of ferroelectric capacitor [12].

In this section, we briefly discuss the fundamentals of FEFETs to 
lay the groundwork for the rest of the paper. FEFETs are designed
by adding a ferroelectric (FE) layer in the gate stack of MOSFETs 
as shown in Fig. 1(a) [11-12]. The unconventional charge-voltage 
relationship of FE materials leads to the unique device operation of 
FEFETs, featuring steep-switching behavior, hysteretic 
characteristics and non-volatility [11]. Each of these distinct 
properties is attainable by properly designing the devices, as 
discussed later. To explain the FEFET operation, let us consider a 
simple model shown in Fig. 1(b) with the capacitance associated 
with FE in series with that of the underlying MOSFET [11]. The 
behavior of FE is captured with time (t) dependent LK equation 
given below [12] and is illustrated in Fig. 1(c).

E  �Į�3�ȕ33 �Ȗ35 �ȡ dP/dt.                               (1) 
+HUH��3�LV�WKH�SRODUL]DWLRQ��(�LV�WKH�HOHFWULF�ILHOG��Į��ȕ� Ȗ�DQG�ȡ�DUH�
the coefficients [12][13]. It can be observed from Fig. 1(c) that 
there is a portion in the P-E curve where the change in polarization 
with respect to the electric field is negative, which leads to negative 
capacitance (CFE < 0).  Stabilizing the operation of the FE in the 
negative capacitance region with a positive series capacitance of 
the MOSFET (CMOSFET), achieves a voltage step-up action, which 
reduces the sub-threshold swing. Lowering |CFE|, for example, by 
increasing the FE thickness (TFE) increases the voltage step-up 
leading to the sharper switching characteristics. At the same time, 
increasing TFE beyond a certain value introduces a hysteresis in the 
device characteristics, which increases as TFE is further increased 
[11]. When hysteresis spans over the positive and negative gate-to-
source voltages (VGS), non-volatility is introduced in the device, 
which is the result of polarization retention in FE. While non-
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Figure 2. 65nm N-type FEFET with 2.25nm ferroelectric layer 
thickness: (a) hysteresis; (b) non-volatility.
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Figure 3. 65nm N-type FEFET with 1.90nm ferroelectric layer 
thickness: (a) hysteresis; (b) no non-volatility.

hysteretic FEFET operation is a subject of active research for ultra-
low power logic applications [11-12][16], this paper targets FEFET 
operation in the nonvolatile hysteretic regime via appropriate 
device design, as described in the next section. To realize a robust 
low power nonvolatile memory array, device design must be tightly 
coupled with cell and array designs, as described in the subsequent 
sections. 

3. NONVOLATILE FEFETS: DEVICE 
DESIGN AND ANALYSIS
The key to introducing non-volatility in FEFETs is to optimize the 
ratio of the capacitances of FE and the underlying MOSFET 
(CFE/CMOS) to achieve the following operation. The application of
positive gate-to-source voltage (VGS) beyond a threshold must 
switch the polarization of FE in the positive direction and the 
subsequent withdrawal of VGS must retain the positive polarization. 
Similarly, negative VGS must switch the polarization in the negative 
direction, which must be retained once VGS is reduced to zero. This 
translates to the hysteresis spanning over the positive and negative 
(VGS) in the transfer characteristics of FEFETs (Fig. 2(a)). Such 
characteristics lead to two solutions for the drain current (IDS) at 
VGS=0, denoted by points A and B in Fig. 2(a). We can interpret 
points A and B as two resistance states of the FEFET at zero VGS,
which are the results of positive and negative polarizations of the 
FE layer in the gate stack. It is important to note that FEFET retains 
the polarization in the ferroelectric layer in the absence of VGS as 
well as drain voltage (VDS), which is a necessary condition for non-
volatility. Fig. 2 shows the DC and transient behavior of an FEFET 
with ferroelectric layer thickness of 2.25 nm and width of 65 nm. 
Fig. 2(a) shows the hysteresis behavior in the IDS-VGS and Fig. 2(b) 
shows the polarization retention of the FEFET with time. The 
application of positive and negative gate voltage changes the 
direction of the stored polarization as shown in Fig. 2(b). The high 
resistance point A and low resistance point B in Fig. 2(a) are 
identified as logic bit 0 and logic bit 1 respectively. The stored logic 
state is identified by the magnitude of the IDS. Due to the inherent 
gain of the underlying transistor, the ratio of the currents 
corresponding to the two logic states can be as large as 106 [16],
which translates to enormous distinguishability at the cell level.
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Figure 4. (a) Load line analysis with different TFE. (b)                                
Polarization switching voltage comparisons.

The position of the hysteresis is a crucial factor in the design of 
FEFETs as a nonvolatile element. For example, if we have the
hysteresis only in the positive VGS region as shown in Fig. 3(a), 
non-volatility cannot be achieved, as the polarization falls back to 
zero with the removal of gate voltage. This implies that device 
parameters need to be designed carefully to maintain the
nonvolatile functionality. In particular, the ratio CFE/CMOS needs to 
be properly tuned [11] to regulate the hysteresis. We optimize the
FE thickness (TFE) of FEFETs to introduce non- volatility.
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Figure 5. FEFET memory cell: (a) write; (b) read.

To explain the device design, we illustrate the load-line analysis in 
Fig. 4(a), which shows charge versus voltage for FE and the
underlying MOSFET. Hysteresis is introduced in the device 
characteristics when there are two different points of intersection in 
the load line plot [12]. The hysteretic jumps in the IDS–VGS
characteristics (Fig. 2(a)) occur when the magnitudes of the 
positive MOSFET capacitance and negative ferroelectric
capacitance become equal. With the device design corresponding 
to TFE=1nm in Fig 4(a), it can be deduced that the FEFET does not 
exhibit hysteresis as there is only one intersection point. On the 
other hand, by increasing the thickness of the FE layer (Fig. 4(a)), 
the FE capacitance is lowered due to which the two intersection 
points are obtained, resulting in hysteresis. We have changed the 
thickness of the ferroelectric layer to shift the hysteresis position 
shown in Fig.2 to Fig.3. Our analysis shows that TFE > 1.9nm is 
required to retain the polarization in FE.
The choice of TFE is also dictated by the stability and power 
requirements of the memory device. The hysteresis must be large 
enough to attain sufficient noise margins required for polarization 
retention. At the same time, the coercive voltage or the gate voltage 
required for switching the polarization (which increases with 
increasing hysteresis) must be optimized to enable low voltage 
operation and achieve power savings. In an FEFET, the series 
combination of negative FE capacitance with positive MOSFET 
capacitance reduces coercive voltage compared to a stand-alone 
ferroelectric capacitor, as illustrated in Fig. 4(b). For example, for 
the ferroelectric thickness of 2.5nm, FEFET hysteresis loop lies 
within the +/- 1V whereas for stand-alone FE capacitor, the 
hysteresis loop extends outside the +/- 2V range. The thickness of 
the ferroelectric in the capacitor may be reduced to lower the 
coercive voltage, albeit at the cost of leakage increase. On the other 
hand, FEFETs offer much lower coercive voltage even with higher 
FE thickness, enhancing the design flexibility. For our design, we
choose TFE = 2.25nm, which yields a hysteresis around 500mV, 
leading to a balance between stability and switching voltage. 

4. FEFET BASED MEMORY
In this section we propose a 2-T memory cell based on FEFETs.
We also describe the array design utilizing the distinct features of 
the proposed cell. The appeal of FEFETs as memory elements relies 
on their polarization retention capability, high current ratio for the 
two states and low voltage operation, as described in the previous 
sections. Our memory architecture aims to exploit these advantages 
to improve the overall memory characteristics. The proposed 2-T
cell is shown in Fig.5 and Fig.7. By virtue of the three terminal 
structure of FEFETs, the cell is designed to have separate read, 
write paths, which facilitates simultaneous optimization of the read,
and write operations. The write path has a standard MOSFET as an 
access transistor, which is controlled by write select-line enabling
selective write operation of the cells in an array. The write bit-line 
is shared amongst the cells in the same column. The read path 
consists of the FEFET with the read select connected to the drain 
and sense line tied to the source. The read select line is shared 
amongst the cells in the same row, while the sense line runs along 

the column; thus, the need for a separate read access transistor is 
eliminated. In addition, the read select also functions as the read 
supply, reducing metal routing congestion. The read and write 
schemes are described subsequently.
4.1 Write
To perform the write operation, write-select line is asserted and 
appropriate bi-polar voltages are applied on the write bit-line to 
switch the FE polarization and write logics ‘0’ and ‘1’. Positive 
write bit-line voltage (Vwrite) increases VGS of FEFET, which 
induces positive polarization in the FE. To reverse the polarization 
direction, negative bit-line voltage (-Vwrite) is applied. In order to 
order to apply sufficiently large voltage on the gate of FEFET, we 
boost the select line voltage. The unaccessed rows (Row 1 in Fig.7)
are kept isolated by driving the corresponding write select line to 
negative VDD, which is necessary to ensure that the gate-to-source 
voltage of the write access transistors belonging to the unnaccessed 
cells remain less than or equal to 0 at all times during the write 
operation. The read select line is driven to ground during the entire 
write operation. The proposed bias conditions for the write 
operation are summarized in Table. 1.

Table 1. Bias conditions of the memory array
Read 
select

Write 
select

Bit 
line

Sense 
Line

Accessed Row Write 0 V DD V write 0
Unaccessed Row 0 -VDD V write 0

Accessed Row Read V read VDD 0 0
Unaccessed Row 0 0 0 0

All Hold 0 0 0 0

4.2 Read
The bit information is stored in the gate stack of an n-type FEFET. 

In order to tap the high magnitude difference in the drain currents
corresponding to the two logic state, we have chosen current 
sensing for read. Note, application of fixed read voltage for current 
sensing also leads to the elimination of sneak current paths in the 
unaccessed cells of the proposed architecture. The read operation is 
illustrated in Fig. 5(b). The write select line is asserted and the 
write-bitline is driven to 0V to ensure that the gate of the FEFETs 
is biased in 0 volts for proper read operation. Following this, the 
read select voltage is asserted on the drain terminal to query the 
stored bits. The resulting drain current in FEFETs, the magnitude 
of which depends on the stored polarization, is used to sense the 
memory state. In order to ensure that the unaccessed cells are 
properly disconnected during read, the proposed scheme biases the 
sense line at virtual ground. This averts the development of a 
positive potential in the source terminal of the unaccessed FEFETs, 
thereby preventing the reverse current flow into the unassessed 
cells. Virtual ground on the sense line is achieved employing the 
sensing scheme which is described in Section 5. The bias voltages 
for the read operation are summarized in Table 1. The transient 
waveforms for memory read and write operations of a cell are 
illustrated in Fig. 6. All control lines are kept zero during the hold 
mode to achieve zero stand-by leakage. As read operation is based 
on current sensing, the read performance is strongly dependent on 
the sensing circuitry which we describe in the next section.

5. CURRENT-BASED SENSING CIRCUITS
Fig. 8(a) shows the schematic of the sensing circuit for the proposed 
memory, consisting of a clamping driver, a pre-charge driver, and 
a current sense amplifier, all enabled by the read enable signal EN. 
The clamping driver is used to clamp the sense line voltage, VBL, to 
a virtual ground voltage level. The pre-charge driver is used to pre-
charge the sensing node voltage, VSENSE, from VSS to a predefined 
voltage VPRE. The current sense amplifier is used to sense the input 
current and generate the digitized output bit. Pre-charging and 
current-mode sensing with clamping drivers have been widely used 



Figure 6. 2-T FEFET memory cell transient waveforms.
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Figure 8. FEFET memory: (a) read scheme; (b) waveforms.
in nonvolatile memory read [19 -23]. Fig. 8(b) shows the read 
timing diagram and transient waveforms to better understand the 
read scheme. When read is enabled at time t0, VDD is applied to 
the drain of the ferroelectric memory cell, and EN becomes 
effective and enables the clamping driver, pre-charge driver, and 
the current sense amplifier. The sense line voltage, VBL, was
grounded before the onset of read, and remains at 0 volts during the 
read operation with the clamping driver. The instant the pre-charge 
driver is activated, a short and large current pulse generated by the 
pre-charge driver quickly charges the node between the clamping 
driver and the current sense amplifier, leading to a faster increasing 
VSENSE. At t1, VSENSE reaches the predefined voltage VPRE and the 
pre-charging pulse is disabled. The increase or decrease of VSENSE
now depends on the current provided by the memory cell. If the cell 
stores logic “0”, its low sensed current leads to a quick reduction of 
VSENSE, and accordingly, an output of “0” at the sense amplifier 
output node, VSA; otherwise, logic “1” provides higher current and 
continues to increase VSENSE beyond the threshold voltage of sense 
amplifier, which then provides VSA equal to VDD. If a fast pre-
charge circuit is not used, the large parasitic capacitance at the 

charging node due to large-size transistors (M1 and M2 in Fig. 8(a),
for less variation) will result in large charging time. Based on this 
read scheme, read time tread could be obtained:

     (2)
where tpre, tdec, tsa, and tbuffer represent the time required for pre-
charging, decoder, sense amplifier and final output buffer to 
generate their output, respectively. The decoding of the read 
address and the pre-charging could be activated at the same time. 
Here, tpre, tdec, tsa, and tbuffer are estimated as 0.50nS, 0.50nS, 1.5nS, 
and 0.50nS, respectively, leading to a total read time of 3.0nS.

6. PARAMETER ANALYSIS AND
COMPARISON WITH FERAM
In this section, we perform an extensive analysis of the proposed 
cell in terms of stability, area, retetntion, performance and power 
and draw comparison with the standard FERAMs (based on FE 
capacitor to store the data in terms of its polarization). In order to 
understand the difference between these two types of memories we 
briefly describe the operation of FERAM in the following section.

6.1 FERAM 
The standard structure of an FERAM is shown in Fig.9. It contains 
one transistor and a ferroelectric capacitor attached to the drain of 
the transistor. A ‘1’ is written into the FERAM by applying a 
positive voltage to the bit-line and keeping the plate line at 0V. A 
zero is written by applying positive voltage through the plate-line 
and keeping the bit line at 0V [18]. The read operation is performed 
by sensing the capacitive difference of the ferroelectric (FE) cap 
that results from positive or negative polarizations of the FE [8]. 
One of the possible implementations of FERAM is depicted in Fig.
9(b), in which the FE capacitor is placed in a back-end layer to 
reduce the cell area [8].

Word line

Bit line

CBL
Ferroelectric 
Capacitance

Plat line

Metal 3
Ferroelectric

via
Metal 2
Metal 1

Substrate
n+ n+(a) (b)

Figure 9. FERAM scheme in (a) and structure in (b)[8].
6.2 Performance analysis
The analysis is based on time-dependent LK equation for the FE 
calibrated to two different sets of experiments. The FE model is 
coupled with 45nm high performance transistor model [14]. The 
simulation parameters are summarized in Table 2.

6.2.1 Read Stability and Performance
The proposed cell exhibits read-disturb free operation since the read 
and the write paths are decoupled, and the bias scheme is carefully 
chosen. The application of zero volts on the gate of the FEFETs and 
the biasing of the sense line to virtual ground during read (as 
explained in the previous sections) ensures that the FE polarization 
is not disturbed. The read current flow is isolated from the FE 
polarization in the gate stack of FEFET, as a result of which the 
memory state is not affected by the read current. The biasing of the 
sense lines at virtual ground also ensures that FE polarization of the 
unaccessed cells is not disturbed and that there is no current flow 
in the unaccessed cells. In contrast, read operation in FERAMs is 
destructive and therefore, requires write-back, which incurs 
performance and power overheads. The sensing circuits, described 
in the previous section, mainly determine the read speed of the 
proposed cell with current based sensing. The optimized design can 
achieve read speeds as high as 3.0ns at VDD=0.68V, by virtue of the
large distinguishability (current ratio ~106) between the two logic 
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Table 2. Simulation parameters

states. On the other hand, FERAMs employ voltage-based sensing, 
the speed of which is limited by the bit-line/plate-line capacitance 
as well as poor capacitance difference between the logic states.
6.2.2 Write time and power
The operating voltage is an important consideration in memories 
for low power operation. Although both FERAM and FEFET store 
data in the form of polarization in the ferroelectric layer, the 
operating voltage is lower for FEFET (Fig. 4(b)), as described 
previously in Section 3. For the comparison in this section, we 
optimize the thickness of FE separately for FERAMs and the 
proposed FEFET-based cell. For FERAMs, the FE thickness of 
1nm leads to optimal write voltage and power. For FEFETs, FE 
thickness is chosen to be 2.25 nm to obtain appropriate hysteresis,
considering a balance between stability and write power (see 
Section 3). In spite of larger FE thickness, FEFETs exhibit lower
write voltage compared to FERAMs. The write access time of the
FERAM and FEFET are shown in Fig. 10(a). Decreasing the
voltage lower than 1.5V for FERAM and 0.5 V for FEFET results
in write failures. An iso-write time comparison of the write energy
of the proposed memory with FERAM is shown in Table 3.
FEFET-based cell expends 67.9% lower energy compared to
FERAM due to the lower write voltage. Table 3 shows the metrics
of the FERAM and FEFET for the write bit cell delay around550ps. 
FEFET bit line voltage is 0.68 V while FERAMs need to employ 
much higher voltage (~ 1.64 V). Since the proposed array employs 
negative bit-line voltage for writing logic‘0’, the voltage swing 
doubles. However, the total voltage swing (=2x0.68V) is still less 
than that for FERAMs (1.64V). It is also important to note that 
negative select-line voltage as well as select-line boost proposed in 
the FEFET-based array contributes to increase in the write power, 
which is considered in the results above. However, in spite of such 
overheads, the overall write power is significantly less than that of 
FERAMs.
6.2.3 Area
The proposed FEFET memory cell use two transistors to store a 
single bit. As a result, the FEFET memory cells exhibits 2.4x area, 
compared to IT-IC FERAM (Fig. 11), Note that there are different 
flavors of FERAMs showing different cell areas [8]. We have 
performed a worst-case area comparison for the proposed cell by 
comparing against the FERAM implementation with the minimum 
area. The proposed cell-array co-design minimizes the area 
overhead by (a) employing a unique architecture which eliminates 
the need for read access transistors and limits the number of 
transistors in a cell to two and (b) sharing the metal line for 
selecting the cell and applying the read voltage, which averts 
routing congestion. Although the proposed cell shows an area
penalty, other design metrics show a significant improvement 
compared to FERAMs, alleviating the current limitations of FE-
based technology. This can have important implications in system
design.       
6.2.4 Retention 
For FE based memories, the retention time is expected to be
exponentially proportional to the product of coercive voltage,
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Figure 11. 2x2 memory cell layout: (a) FEFET; (b) FERAM.
remnant polarization, and area of the ferroelectric capacitor within
single domain approximation. The retention time of current FEFET 
design (FE layer thickness 2.25nm, width 65nm) is lesser than the 
FERAM design (FE layer thickness 1nm, width 65nm) as the 
coercive voltage is higher for FERAMs. Our targeted applications 
like nonvolatile processor system [4] do not require long retention 
time. Larger FE layer thickness or FE layer area could be adopted 
for more retention time ,required in other applications, at the cost 
of more write energy and area.  For example, increasing the width 
of the FEFET to 112.5 nm achieve similar retention time as that of 
FERAM. Meanwhile, for current FERAM systems, reducing the 
retention for low voltage operation is difficult, as the coercive 
voltage is as high as 1.26 V even with smaller ferroelectric layer 
thickness of 1nm. Furthermore, with new materials, the tradeoff 
study for the optimum retention, performance, area can be explored 
in future. In the next section, we analyze the impact of the proposed 
FEFET-based memory at the system level by analyzing its effects 
on the energy efficiency of a nonvolatile processor.

7. NVP ANALYSIS
Nonvolatile memories such as resistive RAMs [20] and FERAMs 
[17] are being actively explored to design nonvolatile processors 
by utilizing nonvolatile elements to retain the state of the system in 
the event of a power failure, thereby enhancing forward progress
guarantees. However, the current technologies under consideration 
are all subject to limitations in endurance, energy efficiency,
destructive reads, or high write power. The proposed memory cell 
offers appealing features for the design of nonvolatile processors.
We performed an extensive analysis of the system-level 
implications by simulating the replacement of FERAMs in an 
existing nonvolatile processor with the proposed FEFET-based 
memories using the calibrated simulator developed in [4]. Fig. 12. 
shows the non-pipelined (NP) on-demand all-backup (ODAB) 
NVP architecture [4]. When a power outage is detected, the
nonvolatile controller backs up volatile data of the program counter 
(PC) and register files to the NVM backup block to save the 
computation state during the power failure. Once the power is 

Technology node 45nm
Width of the transistors 65nm

Į -7e9 m/F
ȕ 3.3e10 m5/F/coul2

Ȗ -0.2e10 m9/F/coul4

Metal Capacitance 0.2fF/um
Write Voltage (V write) 0.68V
Read Voltage (V read) 0.4V



retrieved, the backup data will be written back to PC and register
files to recover the NVP computation state. With significant power
consumed in backup operations, especially when the amount of
memory is large, it is essential to reduce the read and write memory 
energy consumption in NVP design. In the evaluations, the 
parameters for the NVM backup block implemented in FEFET or 
FERAM are shown in Table 3.

Table 3. FERAM and FEFET memory parameters in NVP

Figure 12. NVP architecture with backup control.
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Figure 13. Computation forward progress comparisons.
To compare the computation forward progress (FP) in typical 
applications (MiBench in [24] as the testbench) with a Wi-Fi 
energy harvester [4] as the supply, Fig. 13 compares the simulated 
FP. Using FEFET memory provides 22%-38% more FP than using 
FERAM. Such significant system-level improvement confirms the 
advantage of using FEFET as nonvolatile memory. In particular, 
the gains form the replacement of FERAMs with FEFET memories 
are the largest for the lowest power and most frequently interrupted 
power traces, showing that FEFETs enable the deployment of 
NVPs into new, even lower-power scenarios than were previously 
viable with FERAMs.

8. CONCLUSION
We proposed a memory design technique based on FEFETs, 
utilizing the polarization retention capability of FE coupled with 
the three terminal structure of the transistor to implement low 
power robust nonvolatile memory cells and arrays with separate 
read and write paths. We discussed the device design and the 
optimization of the ferroelectric thickness to introduce non-
volatility in FEFETs. With proper device design, we showed that 
the coercive voltage of FEFETs can be reduced in comparison to 
FE capacitors, leading to write power savings. We also discussed 
other appealing features of an FEFET-based memory device,
including six orders of magnitude difference in the currents 
corresponding to logic 0 and 1. Based on such intriguing device 
properties, we proposed a 2-T cell with non-destructive read, high 
distinguishability and decoupling of the read-write paths. We 
showed that the proposed cell exhibits 67% lower write power at 
iso-write time compared to FERAMs. We proposed an array design 
technique, which limits the number of transistors in the cell to two 
and avoids metal routing congestion to minimize the area-penalty. 

Moreover, the proposed biasing scheme for the unaccessed cells 
and the sensing circuit eliminates the sneak current paths and 
stability issues in the unaccessed cells. Deployment of the FEFET-
based nonvolatile memory macro in a nonvolatile processor 

showed 27% higher forward progress compared to an FERAM.
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