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Abstract— Ferroelectric field-effect transistors (FeFET) based
on hafnium oxide offer great opportunities for Logic-in-Memory
applications, due to their natural ability to combine logic
(transistor) and memory (ferroelectric material), their low-power
operation, and CMOS compatible integration. Besides aggressive
scaling, dense integration of FeFETs is necessary to make
electronic circuits more area-efficient. This paper investigates the
impact of ultra-dense co-integration of a FeFET and an n-type
selector FET, sharing the same active area, arranged in a 2TNOR
memory array. The examined FeFETs exhibit a very similar
switching behavior as FeFETs arranged in a standard AND-type
array, indicating that the ultra-dense co-integration does not
degrade the FeFET performance, and thus, paves the path to a
very fine-grained, ultra-dense Logic-in-Memory implementation.
Based on this densely integrated 2TNOR array we propose a very
compact design of a 4-to-1 multiplexer with a build-in look-up
table, thus directly merging logic and memory.

Keywords— active area sharing, ferroelectric FET (FeFET),
hafnium oxide, look-up table (LUT), Logic-in-Memory (LiM),
multiplexer (MUX), ultra-dense integration

I. INTRODUCTION

Ferroelectric field-effect transistors (FeFETs) utilizing
ferroelectric hatnium oxide (HfO,) instead of conventional gate
dielectric materials do not only exhibit nonvolatile behavior,
they are likewise scalable and can be integrated close-by with
conventional CMOS devices [1]. Beyond being a promising
candidate for embedded nonvolatile memory [2], several novel
applications have been proposed recently. Besides the memory
functionality of the ferroelectric material, these concepts exploit
the logic functionality of the underlying transistor. Proposals
include neuromorphic applications (synapses [3,4], artificial
neurons [5,6]), Logic-in-Memory (LiM) devices [7-9], random
number generators [10], ferroelectric oscillators [11], content
addressable memories [12], and look-up tables (LUTs) [13,14].
To accomplish a very fine-grained combination of logic and
memory devices, a very dense integration of the aforementioned
elements is required. Despite aggressively scaling the
nonvolatile devices [15], other approaches, like 3D stacking
[16], were pursued in order to increase integration density.
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In this paper, we investigate the impact of an ultra-dense co-
integration of an n-type FeFET and a serially connected n-type
FET (selector device) within a 2TNOR memory array (Fig 1a).
In this structure, a nonvolatile FeFET and a selector n-FET
share the same active area. In addition, we explored a FeFET-
only AND memory array that serves as comparison.
Measurements reveal a very similar switching behavior for
FeFETs in both arrays, indicating that the co-integration
process does not degrade the performance of the FeFET, and
thus guiding a new way to a very-fine grained co-integration of
logic and memory transistors in direct spatial proximity. As a
proof of concept, a 4-to-1 multiplexer (MUX) with integrated
nonvolatile look-up table (LUT), capable of realizing the 16
two-input-one-output logic functions, is proposed. Transient
logic measurements of the LUT multiplexer within the 2TNOR
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Fig. 1. Structure of the 2TNOR memory array with an n-type FeFET and
selector n-FET (SEL-nFET) (a) and the FeFET-only AND memory array
(b). The inset in (a) reveals the layout view of one 2TNOR array cell. BL,
WL, SL and Sel denote the bit, word, source and select word lines. The
distribution of threshold voltages (V%) of the low V;(c) and high V/ state (d)
is depicted for FeFETs programmed/ erased at a write pulse of Vp =4.5 V/
-3.5 V, while the pulse width was kept at #» = 10 us. (e) ¥, distribution of
the selector n-FETs (2TNOR array). The CDF is centered around 0.43 V.
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Fig. 2. Maps of the median value of the low V (a,b) and high V; (c,d) as a function of the pulse width (#,) and height (¥} of the applied voltage pulse during
write operation, for 2TNOR (90 devices, in (a) and (c)) and for AND memory arrays (63 devices, in (b) and (d)). The pulse schemes for the variation of voltage
pulse width (e) and pulse height (g) during write operation are shown for the example of the erased state. “Rd” denotes the readout phase. (f) and (h) illustrate

the distribution of measured V; at ¥, = 4.5 V (low V, state) and V},= -3.5 V (high V;state) with varied £, and at ¢,=

10 ps with varied V), respectively. The

switching dynamics with respect to #, and ¥}, is nearly the same for FeFETs of both arrays.

memory array emphasize the potential of the densely integrated
structure for possible LiM applications. Realistic SPICE
simulations of the LUT/MUX structure not only reveal a low
energy consumption of the structure during read and write in
case no RC delays of the measurement setup are present, but
also indicate a high readout frequency of 1 GHz.

II. EXPERIMENTAL RESULTS

A. FeFET switching behavior

Measurements were performed on transistors within a
2TNOR memory array, one array cell embedding an n-type
FeFET with serially connected n-type selector FET fabricated
in a 28 nm high-k metal gate (HKMGQG) process flow, and an
AND memory array of FeFETs fabricated in the same manner
[2]. The 2TNOR (Fig. 1a) and AND memory arrays (Fig. 1b)
comprised 90 and 63 FeFETs, respectively. The FeFETs feature
10nm thick Si:HfO, and a 1.2nm thick SiON interface layer.
Channel width and length are both 100 nm (inset in Fig. 1a).
Keithley 4225PMU pulsed measurement units (PMUs) applied
a chosen voltage to the terminals of an array cell and measured
the output currents. To write a state into a specific FeFET, a
voltage pulse of height V}, and width ¢, was applied to its gate at
a selected word line (WL), while the other word lines were
sufficiently inhibited to avoid unintentional write processes of
neighboring FeFETs. During the write phase, bit line (BL) and
source line (SL) remained grounded. Applying a negative
voltage pulse at the gate sets the n-type FeFET into a high
threshold voltage state, called erased state, while a positive
pulse entails the FeFET to be in the low threshold voltage state,
called programmed state. In accordance to the JEDEC constant
current criterion [17] the threshold voltage (7:) was extracted
from the transfer curves (/o-V, curves), which were collected
after each write pulse.

Fig. 1c and Fig. 1d show the cumulative distribution function
(CDF) of the low V; (programmed state) and high V; state
(erased state) of FeFETs in the 2TNOR and the AND memory
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array, which are obtained by programming/ erasing at
Vp=4.5V/ -3.5V for t,=10us, respectively. While both V;
distributions are steep and clearly separated, they also contain
a tail. This is attributed to the channel size (100nm x 100nm),
as it was also shown in [15] that FeFETs of smaller dimensions
tend to have a larger V; variability. The median memory
window — the voltage difference between high V; and low V; —
isup to 0.94 V (2TNOR) and 0.88 V (AND). The V; distribution
of the n-type selector FETs (Fig. le) is centered on a median V;
0f 0.43 V, indicating that voltages as low as 0.5 V are sufficient
to operate the selector n-FET.

To map the FeFET switching behavior, V}, and ¢, were varied
from+ 1.5V to £ 6 V and from 0.1 ps to 10 ps, respectively. A
reference voltage pulse of 5V/ -5V, applied to the gate of the
FeFET for 10 s, sets the FeFETs in a uniform reference state
just before the write operation (erase/ program). For FeFETs in
both array types (2TNOR and AND), the median threshold
voltages indicate the formation of a memory window with a
distinct voltage and time dependence of the polarization
switching (low V; state in Fig. 2a and 2b, high V; state in Fig. 2¢c
and 2d), as it was also observed for larger devices in [18].
Nonetheless, the threshold voltages of the high V; state (Fig. 2¢
and 2d) decrease significantly with higher 7}, and #,. A process
overlaying the effect of the ferroelectric polarization switching
might be the injection of holes from the substrate into the gate
stack, which effectively reduces the V; by screening the
ferroelectric  polarization [19][20]. The corresponding
cumulative distribution function of threshold voltages for a
fixed voltage pulse height V;, = 4.5 V/-3.5V (Fig. 2f) or width
t, = 10 ps (Fig. 2h) confirms the trend of the median V; values,
with FeFETs embedded within the 2TNOR or AND array
showing a very similar behavior. The slope of high and low V;
CDFs decreases during transition from low to high V; or vice
versa, revealing a nonuniform switching of different devices
within the FeFET memory array. When the polarization
reversal process of all FeFETs is completed, the slope increases
again, indicating a more uniform distribution of threshold
voltages of the FeFETs. Voltage pulse heights less than -3.5V
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(t, = 10 ps fixed) result in a steep CDF of threshold voltages
(high V; state) that exhibits a shift to smaller threshold voltages
with increasing voltage pulse height. It indicates that all
FeFETs are switched, but suffer from hole trapping, which
screens the ferroelectric polarization and reduces the memory
window.

B. Multiplexer with directly embedded look-up table

The specific structure of the 2TNOR memory array does not
only raise interest for memory applications, but also for Logic-
in-Memory and routing concepts. As shown in Fig. 3, this
structure naturally comprises a look-up table — in this case a
simple 4-bit LUT — whose values (A, B, C, D) are stored within
the polarization state of the FeFETs, similar to the look-up table
proposed in [14]. A logic “0” is stored by setting the FeFET into
the high V; state, while the low V; state represents a logic “1”.
Thus, the logic output function of the LUT is defined by setting
the polarization state of the four FeFETs. By applying the
selector signals Sp and S; to the gate of the FeFETSs and selector
FETs, respectively, a 4-to-1 multiplexer structure (MUX) for the
aforementioned LUT is built. As proposed in our previous work
[7], the FeFET operates as an AND gate between the applied
input signal Sy and its internal polarization state (A, B, C, or D).
Different from other volatile [21] and nonvolatile [14][22]
4-to-1 MUX implementations for LUTs (Fig. 3a), the proposed
4-bit LUT is directly merged with the MUX (Fig. 3b and 3c,
truth table in 3d). Thus, the proposed structure saves at least the
first selection stage of the MUX, which due to the FeFET’s
CMOS compatibility will result in a significant area advantage
for larger LUTs. Moreover, the values of the LUT are stored in
a nonvolatile manner.

In our measurements, S;j = 0 corresponds to a voltage of
Vs =0V, applied to the gate of the FeFET and selector FET. In
case of S; = 1, the voltage V; was fixed at 0.9V (= Vaq), where
the high and the low V; state of the FeFETs can be clearly
distinguished (vertical line in Fig. 4a). The FeFETs were erased
or programmed by 10us wide voltage pulses with heights of
-3.5V or 4.5V, respectively. FeFETs with slightly different
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Fig. 3. (a) Conventional multiplexer structure. The selector signals Sy and S,
specify which input is passed to the output terminal. (b) Proposed MUX/
LUT structure with selector signals as before. A nonvolatile look-up table
consisting of four n-FeFETs, each storing one binary “input” state (A, B, C,
or D), is directly integrated into the first stage of selector FETs. (¢) Schematic
of the operation principle of the MUX/LUT structure. (d) Corresponding to
the applied Sy and S, one cell of the LUT is selected and read out,
corresponding to an output of A (cell 0), B (cell 1), C (cell 2) or D (cell 3).
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Fig. 4. (a) shows the /4-V, curves of four n-FeFETs, that constitute the storage
cells of the proposed LUT, in case of AND, NOR, and XOR output functions,
respectively. (b) By applying the selector signals Sy and S; to the MUX,
represented by the input voltage V;, one specific storage cell is read out. (c)
The value, which is stored in the selected cell, is reflected in the measured
output drain current /. The output functions AND, NOR, and XOR are
chosen as examples of the 16 possible 2-input 1-output logic functions.

threshold voltages (variations up to 0.2V) emulate a realistic
situation. In the transient measurement, this variation in
threshold voltages results in a difference of output current levels
up to a factor of two, especially for the low Vi state (filled
symbols in Fig. 4a). Compared to the on/off ratio of at least two
orders of magnitude between the low V;and the high V; state of
the FeFET, this variation is negligible. Note that due to the
current compliance of the used PMUs, values less than 108 A
are overlaid by measurement noise. By using a sense amplifier
or dynamic (clocked) logic circuit, a voltage can be outputted.
From the 16 two-input-one-output logic functions a 4-bit LUT
is able to implement, AND, NOR, and XOR were chosen, since
these functions exhibit the low and high 7 state of every LUT
storage cell at least once (input selector signals So and S; in Fig.
4b, output currents in Fig. 4c). Compared to CMOS or MTJ
implementations of 4-bit LUTs [14] [21] [22], the number of
routing transistors is reduced by at least two devices since the
FeFET performs not only the storage task of the LUT but also
acts as a routing transistor with respect to passing the stored
LUT values to the output terminal. In the case of cells 0 and 1
(stored values: A/ B) as well as cells 3 and 4 (stored values C/
D) sharing the same selector FET, the number of routing
transistors is even reduced by four devices (40 %).

To further confirm the experimental results, SPICE
simulations were carried out. The behavioral FeFET model
comprises a ferroelectric capacitor (FeCap), based on the time-
dependent Preisach model [23][24], which is connected to the
gate of a high-V; n-FET, originating from a 28nm process design
kit (PDK). The supply voltage was Vas = 0.9 V. Here, the full
potential of the FeFET is exploited, as setup RC delays present
in measurements are avoided. Thus, time delays are solely based
on FeFET switching and internal circuit delays. Moreover, the
full drain current span of the FeFET ranges over six orders of
magnitude from 102 A to 10° A. To model the output voltage,
a clocked pull-up transistor is placed between the output node
(“Out” in Fig. 3b) and Vg. LUT cells 0, 1, 2, and 3 are written
to represent the AND, NOR, and XOR logic with respect to the
output current as used in the transient measurement. Due to the
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Fig. 5. Simulation of the proposed MUX/ LUT structure. A dynamic
readout scheme with a clock frequency around 1 GHz was used. Sy and S,
are the selector signals of the multiplexer. “clk” denotes the clock. As in
the measurements, AND, NOR, and XOR were chosen for the output
current, which transform into NAND (a), OR (b), and XNOR (c) regarding
the output voltage.

pull-up device, the output voltage results in a NAND (Fig. 5a),
OR (Fig. 5b), and XNOR function (Fig. 5c). In the simulation,
the frequency of the inputs during the readout was as high as
1 GHz. The largest dynamic energy consumption is as low as
0.271 1] for the readout of one LUT cell and 1.36 fJ for the
writing of the cells.

III. CONCLUSION

In this paper, we highlighted that FeFETs are suitable to
share the same active area with serially connected FETs within
a 2TNOR memory array framework. The impact of the co-
integration onto the switching behavior of the FeFETs is low.
The median threshold voltages and the cumulative distribution
of the threshold voltages with and without varied write voltage
pulse height and width are very comparable to FeFETs of the
same specifications arranged in an AND memory array without
any selector FETs. The feasibility of the ultra-dense co-
integration for very fine-grained Logic-in-Memory applications
was confirmed by demonstrating a new FeFET-based 4-to-1
multiplexer concept with embedded, nonvolatile look-up table,
wherein all 16 Boolean 2in-1out functions are realizable. Dense
co-integration and the shown functional merging of logic
(multiplexer) and memory (LUT) promise significant area and
delay time savings. Simulations verified the functionality of the
new concept with readout frequencies as high as 1 GHz.
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