Published on 23 abril 2024. Downloaded on 14/11/2025 13:27:55.

Materials
Horizons

W) Check for updates ‘

Cite this: Mater. Horiz., 2024,
11, 3307

Received 24th December 2023,
Accepted 22nd April 2024

DOI: 10.1039/d3mh02218h .
Doo Seok Jeong (2 *©

rsc.li/materials-horizons

We experimentally demonstrate the concept of combination-
encoding content-addressable memory (CECAM) that offers much
higher content density than any other content-addressable mem-
ory devices proposed to date. In this work, CECAM was fabricated
and validated with a hafnium-zirconium oxide (HZO) ferroelectric
tunnel junction (FTJ) crossbar array. The new CAM structure, which
utilizes nonvolatile memory devices, offers numerous advantages
including low-current operation (FTJ), standby power reduction
(ferroelectric HZO), and increased content density. Multibit data are
encoded and stored in multi-switch CECAM. Perfect-match search-
ing in CECAM with a reasonable match current (lower than nA) for
different sizes of CECAM has been validated from a novel CAM
device. We demonstrate N-CECAM (with keys encoded into 2N-
long binary arrays) for N = 3 (using 6 FTJs) and 4 (using 8 FTJs),
leading to content densities of 0.667 and 0.75 bits per switch, which
highlight 33% and 50% increase in content density compared to
that of the conventional TCAM (0.5 bits per switch)

Introduction

Ternary content-addressable memory (TCAM) has been introduced
in various networking and telecommunication applications, such
as network routers, switches, and pattern matching." The TCAM
has recently attracted attention for artificial intelligence applica-
tions owing to its high-speed parallel searching capability.*” This
is because TCAM offers instantaneous parallel searches for the
contents relevant to the key for a few cycles unlike random access
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Experimental demonstration of combination-
encoding content-addressable memory of
0.75 bits per switch utilizing Hf-Zr-O
ferroelectric tunnel junctions

Manh-Cuong Nguyen,1? Jiwon You,1° Yonguk Sim,? Rino Choi,*®
and Daewoong Kwon*"®

New concepts

Combination-encoding content-addressable memory (CECAM) is a
conceptual system that allows far higher content densities than the
conventional two resistor-based CAM with 0.5 bits per switch in content-
density. The key to CECAM is the use of a data granularity of word rather
than a single bit, so that words are subject to comparison to identify
matching. Each word is encoded as 2N complementary nonvolatile switches
(N high-resistance and N low-resistance switches) in contrast to the bit-wise
CAM (1-bit data as two complementary resistors), which largely boosts the
content density. We experimentally demonstrate CECAM using passive
arrays of ferroelectric tunnel junctions (FIJs). We considered 3- and 4-
CECAM (with keys encoded into 3- and 4-long binary arrays, respectively).
The results highlight successful content-based data searching for FIJ arrays
with content densities of 0.667 and 0.75 bits per switch for 3- and 4-CECAM,
indicating 33% and 50% increase in content density, respectively,
compared to 0.5 bits per switch of the conventional two resistor-based
CAM. Given that the most severe obstacle to the practical use of CAM lies in
its low content density, our FTIJ-based CECAM significantly boosts the
content density, and thus overcomes the obstacle to the utilization of
CAM in systems for artificial intelligence.

memory (RAM) that needs to be word-wise searched for the
contents. TCAM leverages its fast search capability for emerging
processors like neuromorphic event processors (such as an artifi-
cial afferent nerve system,” artificial somatic reflex arc,> ' and an
optical convolution processing unit'') in which content-search
speed for event routing dictates their key performance (synaptic
operations).’>'* Furthermore, machine learning (ML) techniques
are often based on similarity measure operations; for instance,
convolution operations in convolutional neural networks effec-
tively measure the similarity between a given kernel and a feature
map. Recommender systems based on graph neural networks use
the measure of similarity between a given key and data.’*™8
Besides these examples, there exist many instances in machine
learning for which TCAM comes into play by leveraging its fast
searches.

Static RAM (SRAM)-based TCAM is the most popular TCAM
owing to its high-speed search and high compatibility with
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CMOS technologies.'”' Nevertheless, SRAM-based TCAM is
costly given its large bitcell of 12T-16T, which hinders TCAM
from applying to ML acceleration systems for the aforemen-
tioned ML domains, which require large-scale TCAM.

Recently, numerous materials including binary oxides (ZnO,
TiO,, NiO, and TaO,), ternary oxides (HfO,-based materials),
perovskite MAPbI; quantum wires, and 2D materials (graphene,
oxides, hexagonal boron nitride, and Ti;C,T,) have been intro-
duced for memory applications (data storage, synapse, sensor,
and flexible devices).”>>> Among the new memory devices, ferro-
electric tunnel junctions (FTJs),>” phase-change memory,*® mag-
netic RAM,**° and resistive RAM>'* have been introduced and
actively researched for TCAM applications. The operational prin-
ciple is based on an XNOR logic gate using a pair of comple-
mentary nonvolatile binary resistors (high-resistance state (HRS)
and low-resistance state (LRS)) and also a pair of complementary
binary input signals (high and low). Fig. 1 illustrates the common
configuration of an XNOR logic gate-based TCAM bitcell with two
nonvolatile resistance switches. Such nonvolatile switch-based
TCAM enhance the content density compared with SRAM-based
TCAM, but the maximum content density of TCAM is still 0.5 bit
per switch (a bit cell of TCAM utilizing a pair of resistance
switches). In this common scheme, the key and content are
compared bitwise, i.e., each bit is taken as the granularity of
comparison, so that a pair of switches represent a single bit of
content.

However, the common granularity of comparison is rather
larger than a single bit, which is a word (a chunk of bits). We
conceive the extension of the two switch-based matching
mechanisms to 2N complementary switch-based mechanisms
in which N LRS and N HRS switches collectively represent a
single w-bit word. The advantage is that the combination of 2N
complementary switches can represent multi-bit contents while
two complementary switches merely single-bit contents. If the
entropy of such 2N complementary switches is larger than N bits,
the content density exceeds that of N pairs of complementary
switches (0.5 bit pert switch). The key requirement is an algo-
rithm for encoding a w-bit word to a 2N-long binary array with N
0s and N 1s. To this end, we utilize the combination-encoding

ML~ : Key Content Match
:: i (SL/SLB) | (Rie/Rrignt) ()
@? 0 olwvwlo] RyR | 1] RV,
ML == 0| Vo | 1] R/Ry | 0| RV,
? ﬁ |1 1{ov, |o| R/R. |0 RV,
i 11 0/Vy | 1| RIRy | 1] Ry,

Fig.1 (a) Schematic of the common two resistance-based CAM utilizing
passive components. ML, SL, and SLB denote the match line, search line,
and complementary search line, respectively. (b) Encoding of a 1-bit key
using SL and SLB and 1-bit content using left and right resistors (Rest and
Rright)- Vi is a pull-up voltage. Matching result is obtained with minimum
value of ML current (/).
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algorithm™ that encodes w-bit words to a 2N-long binary array
with N 0s and N 1s, satisfying

w = | log,C(2N,N) |, €))

where | - | and C(2N,N) denote a floor function and 2N choose
N formula, respectively. Notably, eqn (1) is a supralinear func-
tion of N, and thus it underpins a larger content density than
0.5 bit per switch.

The CAM based on the combination-encoding of 2N switches
(N HRS and N LRS) is referred to as N-CECAM. In this paper, we
present an experimental demonstration of this hypothetical
CECAM concept of high content density (>0.5 bit per switch)
using a passive array of FIJs utilizing Hf-Zr-O (HZO) as a
ferroelectric layer. Given the low power consumption of FIJs,
FTJ-based CECAM is likely to be a good solution to low-power,
high-content-density CAM. To the best of our knowledge, this is
the first experimental demonstration of an array of TCAM with a
content density exceeding 0.5 bit per switch, which attains
0.75 bit per switch (for 4-CECAM), ie., a 50% improvement in
content density. Furthermore, we designed the layout of CECAM
using the SKY130 (130 nm CMOS process) process design kit
(PDK)* to evaluate the cost (additional power and area over-
heads) of the remarkable increase in content density.

Combination-encoding content-
addressable memory based on FTJs

The architecture of FTJ-based N-CECAM (N = 4) is illustrated in
Fig. 2. The combination encoder in the figure encodes a w-bit
search key ky, into a 2N-long binary array k', with N 0s and N 1s.
Note that the subscript b for k, and k', indicates binary
representation. The corresponding integer to k, and k', is

Search key (k)

\ Combination / EbLRS ﬁHRS
encoder
SENcoded key (ky’)
| 1-b DAC \

CAEJEICILICIEN e
fasos 08~
CICICICIEICICIED s

~
SL

Fig. 2 Schematic of N-CECAM (N = 4). The search key ky, is encoded into
a 2N-long binary array k', by the combination encoder. Each bit of the
encoded key represents the corresponding voltage at search lines (low
voltage for Os and high voltage for 1s). Matching search is obtained at the
lowest matching current.

ML
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denoted by k. The encoded key k', is converted to an array of analog
voltage signals by a 1-b digital-to-analog converter (DAC). These
voltages are applied to the search lines (SLs) simultaneously in the
memory domain so that the SLs corresponding to 1s in the encoded
key &'y, are pulled up while the rest of the SLs are maintained at
zero. Note that a set of 2N switches (N HRS switches and N LRS
switches) in each row represents a combination-encoded content.
When the SLs for LRS are grounded while those for HRS are pulled
up, the minimal match line (ML) current is detected using a current
sense amplifier (CSA), outputting a match signal.

Combination encoder

The combination encoder shown in Fig. 2 encodes a w-bit input
search key kj, to a 2N-long binary array k', with N 0s and N 1s
following the combination-encoding algorithm'> which is ela-
borated in the following pseudo-code:
function comb_encode(k)
set k', to 2N-digit binary number 0
fori=1to Ndo
if there exists ¢ s.t. C(c, N — i) < k < C(c + 1, N — i) then
kyolc] <« 1
k< k—C(c,N—1i
end if
end for
return k',
end function
The combination encoding is bijective (and thus decodable)
for the keys k;, of w-bits satisfying eqn (1) as proven in ref. 12. This
encoding involves several C(n,r) calculations which need a series of
multiplications and divisions. Given that, in C(n,r) calculations
required, 7 is confined in the range 0-2N, and r in the range 0-N-1,
we use a N X (2N + 1) lookup table (LUT) P that stores the results of
C(n,r) calculations such that Fi,j] = C(j, N — i). Thus, the
comparison in the pseudo-code above can readily be performed
by searching the LUT P for the value c for a given iteration step .
A block diagram and data flow for the combination encoder
for 4-CECAM are illustrated in Fig. 3 For N = 4, the encoder uses
a4 x9LUTP.

RESET
4 LUTP
RST 111 . 00001 5 15 35 70
1 i © s e
Sl » 0 0 1 4 10 20 35 56
1P 001 36 10 15 21 28
1 o1 23 4 5 6 7 8
REG
Search CLK—|C I Pli:]
key ki, QlE
— B IN1 = k
7 ] ouT1 r
— 53
RESET REfET N2 oyTal=
RsT IN3 Encod/ed
CLK—|c K}, I key ki,

D
|—>
Fig. 3 Block diagram of the combination encoder to convert a search key
ky to a 2N-long key ky,' with N Os and N 1s.
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Table1 Example of encoding the integer of 60 into binary series utilizing
4-CECAM LUT

i k Look for k in LUT k', k',

1 60 35 < k<70 10000000 11001100
2 60 — 35=25 20 < k< 35 11 000 000

3 25 —-20=5 3<k<6®6 11001 000

4 5—-3=2 2<k<3 11001100

Clock and reset signals were utilized to initialize the enco-
der. The LUT P is used to find 1s in the encoded key &'y, in an
iterative manner. Table 1 presents the procedure for encoding a
search key k;, of integer 111100 (k = 60) in the binary form. After
looking for 60 in the first row of LUT, 35 < k = 60 < 75, the
eighth position of &'y is set to 1, leading to k', = 10 000 000. The
following value of key k, k = 60 - 35 = 25, is applied to the second
row of LUT, 20 <k =25 < 35, and the seventh position of k'y is
set to 1, leading to &y, = 11 000 000. Similarly, the rest of the Bit 1
could be found with k=25 — 20 =5, k', =11 001000, k=5-3 =2,
and finally resulting in the encoded key &', = 11001 100.

HZO FTJ crossbar array

FTJ device fabrication

Fig. 4 illustrates the fabrication process flow (Fig. 4a and b) and
top view image/transmission electron microscopy (TEM) cross-
sectional image (Fig. 4c) of the HZO FTJ crossbar array, respec-
tively. After cleaning the 300-nm-SiO,/Si substrate, a 30-nm-
thick Mo was deposited (sputtering) and patterned with reac-
tive ion etching (RIE) as a bottom electrode (BE). A ferroelectric
layer (FE)/interlayer (IL) stack of 7-nm-HfxZ; xrO, (HZO)/1-nm-
Zr0O,/2-nm-Al,0; was deposited with a thermal atomic layer

b) 300-nm SiO,/Si wafer cleaning

30-nm Mo sputter and RIE
7-nm-HZO/1-nm-Zr0,/2-nm-Al,0; ALD
50-nm-Mo sputtering

Post metal annealing: RTA 500 °C30sin N,
Mo wet etch

Contact hole formation using RIE

50-nm-Mo contact pad deposition and RIE

Top Electrode

HZO +ZrO,

Bottom
Electrode

Fig. 4 HZO FTJ fabrication illustration (a), fabrication process flow (b) and
top view image and cross-sectional transmission electron microscopy
(TEM) image of the HZO FTJ crossbar array (c).
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Mo L series Al K series Zr L series H M series 0K series

Fig. 5 EDS mapping images of FTJ stack utilized in cross-bar array
fabrication: elemental maps of Mo (a), Al (b) Zr (c), Hf (d), and O (e).

deposition (ALD) at 330 °C. 1 nm ZrO, was introduced as a second
interlayer between the HZO and Al,O; layers. It has been reported
that ZrO, insertion underneath HZO enhances polarization switch-
ing by accelerating the crystallization and increasing the ferro-
electric phase of HZO.”® Another 50-nm-thick Mo capping layer
was deposited and treated with post-metal annealing at 500 °C in
N, for 30 s utilizing rapid thermal annealing (RTA) to crystalize the
HZO layer (annealing for ferroelectricity formation). The top Mo
film was patterned (utilizing wet etching instead of RIE to avoid
damage near the FE/IL stack) to form the top electrode (TE).
Contact holes were formed with RIE in the C,F, gas before another
50-nm-thick Mo layer was deposited and patterned to form the
contact pads. The top view image of the fabricated HZO FTJ array
and TEM cross-sectional image of the FTIJ stack are presented in
Fig. 4c. The FTJs utilized here for CECAM applications were
designed to have an area of 10 x 10 pm’.

The composition of the FTJ stack was characterized by
energy dispersive spectroscopy (EDL). The cross-sectional area
of the FTJ stack was selected for elemental mapping analysis
(Fig. 5). The composition and thickness of each layer were as
follows: Mo (Fig. 5a), Al,O3 (Fig. 5b and e), ZrO, (Fig. 5¢c and e),
and HZO (Fig. 5c-e). The thickness of each layer was deter-
mined with the aforementioned distribution of elements.

As depicted in Fig. 6a, the crystallinity of the HZO films was
characterized by grazing incidence X-ray diffraction (GIXRD). A
high-resolution X-ray diffractometer (X’pert Pro) was used at an
incident angle of 0.5°. The GIXRD spectrum of the film (see Fig. 6)
indicates that the HZO film is crystallized successfully, with the
main peak located near 20 = 30.5°. Diffraction peaks from the
stable monoclinic phase (m-phase, 28.5°) were almost absent, and
diffraction peaks from the tetragonal (t-phase) and orthorhombic
(o-phase) phases were observed. Because the diffraction peaks at
20 of 30.6° comprise a mixture of the orthorhombic 111 (111), and
tetragonal 011 (011) phases, accurate separation of the two phases
was challenging. Therefore, approximate ratios were extracted
under the assumption that (111),, (011),, and (111),, were located
at 30.4°, 30.8°, and 31.7°, respectively.*® The ratio occupied by each
phase was calculated, and the phase ratios were obtained using the
area ratios of the three o-/t/m-phase peaks. The XRD analysis
revealed that the fabricated HZO film had 77% of the o-phase, 17%
of the t-phase, and 6% of the m-phase. Confidence coefficients of
the o-phase, t-phase, and m-phase fitting results are 98%, 90%,
and 65%, respectively.

HZO FT]J crossbar array performance

The basic electrical characteristics of HZO FTJ are presented in
Fig. 6. First, hysteretic tunneling currents were systematically
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Fig. 6 GIXRD spectrum of the 7-nm-thick ferroelectric film: deconvolu-
tion peaks and the relative ratio of the o-phase, t-phase, and m-phase in
the HZO film (a). Polarization switching current by PUND measurement
and the corresponding polarization—-voltage (P—-V) curve (b) and double
sweep [V characteristics with various sweep ranges (d). Energy band
diagram for LRS (c) and HRS (e) of FTJ.

measured to validate the memory properties of the FTJs. The
application of direct current (DC) voltage to the TE (Vig) with
the grounded BE involved a dual sweep, encompassing both
forward and reverse directions. In FTJs with an IL, the electric
fields (e-fields) applied to the IL and FE change depending on
the polarization states of the FE (energy band diagrams in
Fig. 6¢c and e), thereby modulating the tunneling length for
Fowler-Northeim (F-N) tunneling. The tunneling length or
tunneling current modulation caused by the change in polar-
ization status is converted directly to a change in resistance,
which is defined as tunneling electroresistance (TER). Conse-
quently, at the initiation of forward voltage sweeping, the FE
undergoes polarization by —Vry (resulting in a long tunneling
length, Fig. 6e), causing the FIJ to exist in a high-resistance
state (HRS). Conversely, commencing reverse sweeping with
+Vpg drives down the polarization (leading to a short tunneling
length, Fig. 6¢), and the FT]J transitions to a low-resistance state
(LRS). The double sweep current-voltage (IV) characteristics in
Fig. 6d indicate that no memory window (MW) was detected
with a voltage sweep range of 3.0 V. At a sweep voltage of over
3.5V, the FTJ exhibits clear counterclockwise hysteresis in the
+Vrg region with the rectified —Vrg region, signifying that the
MWs are induced by the process of polarization switching.
Here, it should be noted that the TER and MW of the
fabricated FTJ are determined only by polarization switching.
Considering that the resistance of FIJs with an FE and an IL
between the two electrodes is determined by the tunneling
length, which depends on the stored polarization states in the
FE, the continuous increase in TER with increasing applied
voltage and abnormally large operation current reported in
previous studies are theoretically unexplainable because tun-
neling dominates the conduction of FTJs (namely, huge tunnel-
ing resistance) and the tunneling length can no longer be

This journal is © The Royal Society of Chemistry 2024
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modulated after the FE becomes completely polarized. This
discrepancy was recently explained by a first polarization
switching and subsequent resistive switching (by the coexis-
tence of polarization and resistive switching).>” However, the
fabricated FTJ has a low operation current, and the second
resistive switching cannot be observed (Fig. 6d), indicating that
the energy-efficient low-current operation is obtained only by
utilizing the polarization switching as a conduction mecha-
nism, indicating that the energy-efficient low-current operation
is obtained only by utilizing the polarization switching as a
conduction mechanism. Here, it should be noted that the
current level can be modulated and increased by controlling
the second resistive switching by adjusting the amount and the
spatial distribution of the oxygen vacancies inside the ferro-
electric layer.*®

Positive-up negative-down (PUND) measurements were per-
formed to separate the polarization switching current from the
transient and leakage currents.*® In the PUND measurements,
polarization switching current was calculated from the differ-
ence of positive-up and negative-down as the currents of
positive/negative pulse included both switching (ferroelectric
switching) and non-switching (displacement and leakage) com-
ponents and the currents of the up/down pulse had non-
switching components only. At a frequency of 10° Hz (a
triangular pulse with a rise/fall of 10 ps), the HZO FTJ depicts
switching peaks at +4.2 V (see Fig. 6b) with remnant polariza-
tion 2P, = 28 uC cm ™2, which is a typical polarization value of
the ferroelectric HZO thin film.*®

The switching speed of the HZO FT] was measured by
introducing different program (¢p)/erase (¢z) pulse widths and
program (Vp)/erase (Vi) voltages before measuring the tunnel
current at a DC voltage of 2.3 V (illustrated in Fig. 7a and c).
Before each program (erase) measurement, the FTJ was reset by

Program Program
VA Ve 1 V/ N\t
"""""""" DC Sense
a) UJ L o [l
: Erase = 0 °F | Ve llErase
£ 3
S EEE— O e
Time Time
10° ~ . 10 prromyrerm sy
-0=5V —0—--5V
——5.5V - ——-6V
fpr— ~ (Y
"‘E ——6V £ A -7V
o
g 3 |
2 4R
-6
2 10°F i€ d)
] L 10°} E
e =
S =
O O
i (V]
] c
c_, s
510 {2
3 477 ..rs .‘,5 .‘4 3 107 a—‘—7_‘rs .‘—5 _‘74-‘—3_‘,1 1
100 10° 10" 10" 10 10 10°10°'10°10°10 10°10°10

Pulse Time [s] Pulse Time [s]

Fig. 7 FTJ switching speed characterization: program characterization
voltage scheme (a), dependence of tunnel current on program conditions
(b), erase characterization voltage scheme (c), and dependence of tunnel
current on erase conditions (d).
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complete erasing (programming). The rise time and fall time of
the pulses (for both erase and program) are set at 10 ns in these
measurements. The dependences of the tunnel current on the
program/erase conditions are illustrated in Fig. 7b and d.

Endurance and the retention characteristics of the HZO FTJ
are summarized in Fig. 8c and d, respectively. Based on the
switching properties of the FTJ (Fig. 7b and d), the cycling
condition for the stress was determined (triangular pulse with
+6/—6 V of peak voltages and a rise/fall time of 10 ps) as
depicted in Fig. 8a. The polarization switching current was
extracted by the PUND measurement with respect to the
number of cycling (Fig. 8b). It is observed that the FT] woke
up within 10° cycles (increasing 2P,) and then the polarization
switching characteristics start to be degraded (reduced 2P, by
fatigue, Fig. 8c). After the cycling stress, the retention proper-
ties were monitored at 30 °C as a function of time. Fig. 8d
indicates that the LRS and HRS remain stably separated
till 10* s although the current difference is slightly reduced
by the depolarization of HZO, which guarantees the stable
operation of CECAM.

The variability of the HZO FTJ was estimated by analyzing
the tunneling currents of the FIJs in the 24 x 24 crossbar array
(Fig. 9c¢). The current values of the HRS/LRS were read at a sense
voltage of 2.3 V after applying erase (—6 V)/program (6 V)
pulses, respectively. Rise time, fall time, and pulse width of
the pulses were set at 100 ns, 100 ns, and 5 ps (target frequency:
10° Hz). For the array operations, the selected cell should be
independently operated without disturbing neighbor-inhibited
cells. The bias scheme for the inhibition is shown in Fig. 9a
where there are three different inhibition cases (inhibit case1l,

b
3t ) -
a)
Vv = 2r 1
L E /]
6V~ t ,}
X cveli Q ot 7
a)_| 10X cycling g f,,,,/,_ -
Ot ' ——10° cycles
-6V- ——10° cycles
6.5V 2r ——10" cycles |
3 N N Pris‘tine
Time 8 -4 0 4 8
Voltage [V]
30 — . . .
——10° cycles —o—HRS
20 | ——10% cycles d) —o—LRS

|——10" cycles
Pristine

A0}
20} ~ —‘_9

-8 -4

—

-
o

Polarization [uC/cm?]
o
5

Tunnel Current [A/cm’]
-
S

9]
4 8 10 10 10°
Retention Time [s]

10*

0
Voltage [V]
Fig. 8 Pulse scheme for stress cycling (a). Changes of polarization
switching currents extracted by PUND measurement with respect to the
number of cycling (b) and the corresponding P-V curves (c). Retention
characteristics measured at 30 °C after cycling (d).
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Fig. 9 Bias scheme for array operation (a). Tunnelling current changes of
unselected cells under inhibit bias conditions (b). HZO FTJ array variability:
a tunnel current of 500 FTJs for LRS and HRS (c). Distribution of tunnelling
current for LRS and HRS. Inset summarizes the TER ratio histogram of the
crossbar array (d). MW distribution (e) and distribution of the switching
window, log10(TER) (f).

case2, and case3). When a program pulse (V5) is applied to the
TE of the selected cell with the grounded BE, half of the V; is
simultaneously applied to the unselected TEs and BEs. This inhibi-
tion pulse reduces the voltage applied to the unselected cells,
effectively preventing their undesirable polarization switching as
shown in Fig. 9b where the slight increase of the tunneling current
is observed from the unselected cells of inhibit cases 2 and 3. Fig. 9d
shows the distribution of tunneling current for the LRS and HRS
and the TER ratio distribution (TER ratio was varied from 30 to 70).
The TER ratio was calculated by dividing the LRS current by the HRS
current. Moreover, the MW distribution (Fig. 9e, where the MW was
calculated by the difference of the HRS/LRS voltages extracted at 5 x
10" A) and the switching window log;o(TER) distribution (the
contour mapping format of Fig. 9f, where columns and rows
indicate the positions of the FTJs in the array) of the FIJ array are
plotted, respectively. A uniform FIJ crossbar array was observed.
The maximum read power consumption in one switch period
(assuming a duty cycle of 99.99%) is Pguitch = ILRS x 2.3 period,
which is approximately 5.6 x 10~ '® Joule per switch. Therefore, a
low power consumption of the CECAM is expected.

N-CECAM performance utilizing the HZO crossbar array

The FTJ crossbar array was measured through a 48-pin probe
card connected to the switching matrix (E5250A). A Keysight
81110A pattern generator was utilized as the pulse source, and
the DC power source was supplied by a semiconductor analyzer
4156B. A visual encoder was created with LabView (a commu-
nity version of LabVIEW 2020) to convert integer data into
binary data such that we could communicate with the FTJ
crossbar array through the switching matrix and power sources.

Fig. 10a illustrates the performance of a 1-CECAM (or 2 FTJs
CECAM) unit or an RCAM unit comprising two HZO FIJs. The
integers 0 and 1 also represent “1” and “10” (illustrated in Fig. 1a).
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Fig. 10 Searching results of N-CECAM based on HZO FTJ (100 x 100 pm?)
crossbar arrays with same stored information of “0” with different N values:
N=1@),N=2(),N=3(c)andN =4(d).

The integer of 0 was stored in the 1-CECAM by applying a program
pulse (amplitude of 6 V, width of 5 s, rise/fall time of 10 ns) to FIJ
stored Bit “0” while an erase pulse (amplitude of —6 V, width of
5 ps, rise/fall time of 10 ns) was applied to the FIJ stored Bit “1.”
Hereinafter, the above conditions of the program pulse and erase
pulse were fixed for storing “data” in all CECAM. During searching,
Bit “0” and Bit “1” correspond to 0 V and 3 V is applied to the
corresponding SL. Fig. 10a summarizes the results of searching 0
(“01”) and 1 (“10”) with the stored data of 0 (“01”). The minimum
current at ML matched the stored information.

Fig. 10b-d summarize the search results (read at ML) in the
N-CECAM with N = 2 (four FTJs CECAM), 3 (six FTJs CECAM),
and 4 (eight FTJs CECAM), respectively. The integer of 0 represents
“01,” “0011,” “000111,” and “00001111” in the CECAM with N=1,
2, 3, and 4, respectively. All the CECAM indicated that the lowest
current was obtained when the search information matched the
stored information. With 6 FIJs (switches) and 8 FIJs (switches) in
3-CECAM and 4-CECAM, we created 16 states (4 bits) and 64 states
(6 bits), respectively. In other words, the content density of 6-
CECAM and 8-CECAM was increased to 0.667 and 0.75 bit per
switch instead of 0.5 bit per switch.

The value of the matching current gradually increased with
the size of the CECAM (see Fig. 11a), which reduced the mismatch/
matching current ratio (Fig. 11b). This comes from the FIJ array
variability and the contribution of the leakage current of the FTJs
to the search current. Therefore, to further extend the CECAM size,
the uniformity of the fabricated FTIJs should be improved and the
tunneling ratio (LRS/HRS) should be increased simultaneously.

Performance comparison

As such, N-CECAM highlights a higher content density than the
conventional 2R-based CAM (Table 2), which likely leads to a
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higher power efficiency. By simulation, we evaluated the search
power consumed by the FTJ array, which was averaged over all 2°
search keys and all b-bit contents. These values were normalized
to the power consumed by the conventional 2R-based CAM of the
same b-bit contents as our N-CECAM. Note that this relative
power depends on the HRS/LRS ratio rather than absolute HRS
and LRS values. Table 3 lists the relative power for various N-
CECAM (1 < N < 6), which highlights the advantage of our
CECAM in terms of search power consumption.

The high content density of N-CECAM comes at the cost of
the additional combination encoder that consumes N logic
cycles (cyc_logic) to encode the search keys. These N logic
cycles inevitably increase the search latency compared with
the conventional CAM with raw search keys. Typically, CAM
with CSAs consume three memory cycles (cyc_mem) for a
search operation (pre-charging/comparison/sensing);** the
same holds for our CECAM with the encoded search key. Thus,
the total search latency for N-CECAM is given by N-cyc_logic +
3cyc_mem while 3cyc_mem for the conventional CAM. Gener-
ally, memory cycles are longer than logic cycles (for standard
cells) given the sluggish response of memory cells compared
with standard cells. For 4-CECAM with 2 ns cyc_logic (500 MHz)
and 10 ns cyc_mem (100 MHz), the increase in search latency
(due to combination encoding) is approximately 26.7%.

We designed the layout of single bank (128 x 128 FTJs) 4-
CECAM using the SKY130 (130 nm CMOS process) open-source
PDK?* to estimate the area and power overhead of the periph-
eral circuits including the combination encoder. The SL deco-
der addresses eight SLs in parallel, and eight MLs are
simultaneously read by using 128 parallel CSAs.

Table 4 identifies that the combination encoder occupies
17.0%, 4.33%, and 6.63% of the total area, power, and energy
consumption of the peripheral circuits, respectively.
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Table 3 Simulated power consumption of the N-CECAM memory array

relative to the conventional 2R-based CAM memory array for the same
content bits

z

Relative power

1

0.877
0.727
0.664
0.641
0.626

AU W N

Table 4 Area and power breakdown for 4-CECAM (128 x 128 FTJ array)
peripheral circuits at 100 MHz and 1.8 V

Component Area (um?) Power (LW) Energy (p])
Combination encoder 6715 147 12

CSA (x128) 10496 1178 106.5

SL decoder 20629 2070 61.9

Total 37840 3395 181

Table 5 Area and power overhead (per bit) for the 4-CECAM peripheral
circuit in comparison with conventional CAM

Area Power Energy
128 x 128 memory array (rm>b™h (LW b (PIb™"
CECAM 3.08 0.276 0.0147
Conventional 3.80 0.396 0.0206

Despite these slight increases in area and power overheads,
the advantage of CECAM over the conventional CAM is obvious
given that the larger content density for CECAM allows larger
data to be placed in the 128 x 128 memory array than the
conventional CAM.

To measure this advantage, we evaluated the area and power
overheads for 4-CECAM (128 x 128) per bit as shown in Table 5.
As such, the CECAM (with the additional combination encoder)
can significantly improve the area and power efficiencies per
content bit thanks to the larger content density.

Discussion

Although we have experimentally demonstrated the feasibility
of FTJ-based CECAM, there still remains daunting challenges to
practical implementation in high-density low-latency CAM.
They include the low LRS current of our FTJs. For low-latency
match-current read using CSAs, the LRS current needs to be on
the level of microamps, which is far above the current LRS level.

Table 2 Performance comparison between CECAM and TCAM using different technologies

Cell type 2D2R* 2PCM*? 2FTJ*? 2FTJ 2 Memory diode*? This work (4-CECAM)
Technology 28 nm 22 nm 180 nm 28 nm x Planar

Non-volatility Yes Yes Yes Yes Yes Yes

Veense (V) 1.05 1 1.6-2 x x 2.3

Rirs/Rirs ~100 ~20 ~100 ~100 ~1000 ~100

Cell area [umz] 0.0128 0.008 0.025 0.0461 0.01 10000

Content density (bit per switch) 0.5 0.5 0.5 0.5 0.5 0.75

This journal is © The Royal Society of Chemistry 2024
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Otherwise, current intergrators can be applied to the match-
current read circuit in conjunction with voltage sense ampli-
fiers. However, this causes an additional peripheral circuit
overhead and significant read latency. A feasible method to
increase the LRS current is to engineer the FTJ stack with a
particular focus on the interface between the ferroelectric and
electrode layers. The electron tunneling probability is signifi-
cantly susceptible to the energy barrier profile which largely
differs for different cathode materials referred to as the giant
electrode effect.*” Thus, the appropriately engineered FTJ stack
may achieve its LRS current on the level of microamps. For the
moment, we leave this as future work.

Conclusion

Content-encoding content-addressable memory utilizing non-
volatile passive memory components (HZO FTJ crossbar array)
was successfully fabricated and characterized. By applying a
visual encoder, we can communicate with CECAM utilizing the
content in the integer-format stored data. The fabricated
CECAM exhibits a low match current and searches for the
content in a single clock cycle. When the size of the CECAM
is increased to more than four FTJs per CECAM unit, the
content density increased by higher than 0.5 bit per switch
(0.667 and 0.75). This demonstration of CECAM utilizing an FTJ
crossbar array facilitates developing more such candidates for
reducing the power consumption (nonvolatile memory) and
increasing the speed (with a simplified structure) with a higher
content density than the conventional SRAM TCAM while
retaining the parallel search function of the CAM.
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