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Ternary content-addressable memory with MoS,
transistors for massively parallel data search

RuiYang ®'2*, HaitongLi®", Kirby K. H. Smithe’, Taeho R. Kim3, Kye Okabe', Eric Pop ©'34,
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Ternary content-addressable memory (TCAM) is specialized hardware that can perform in-memory search and pattern match-
ing for data-intensive applications. However, achieving TCAMs with high search capacity, good area efficiency and good energy
efficiency remains a challenge. Here, we show that two-transistor-two-resistor (2T2R) transition metal dichalcogenide TCAM
(TMD-TCAM) cells can be created by integrating single-layer MoS, transistors with metal-oxide resistive random-access mem-
ories (RRAMs). The MoS, transistors have very low leakage currents and can program the RRAMs with exceptionally robust
current control, enabling the parallel search of very large numbers of data bits. These TCAM cells also exhibit remarkably large
resistance ratios (R-ratios) of up to 8.5 x 10° between match and mismatch states. This R-ratio is comparable to that of com-
mercial TCAMs using static random-access memories (SRAMs), with the key advantage that our 2T2R TCAMs use far fewer

transistors and have zero standby power due to the non-volatility of RRAMs.

allel processing and demands heavy memory traffic due to

frequent off-chip memory access'. Off-chip memory access
incurs ten times more latency and energy consumption than on-
chip memory data manipulation®. To eliminate redundant compu-
tations and data movements between the computation unit and the
off-chip memory, in-memory computing machines directly process
the data within the memory chip, thus reducing the energy con-
sumption and latency’”. Ternary content-addressable memory
(TCAM) is a hardware realization of in-memory computing for the
parallel search of massive datasets, which saves time and energy”.
TCAM performs the search function by comparing the input data
with the stored data in the TCAM in parallel, and returning the
data address when a match is detected’. Such parallel search allows
TCAMs to perform a look-up table function in a single clock cycle.
Unlike a binary content-addressable memory (BCAM) cell, which
stores bit values of either ‘0’ or ‘1, a TCAM cell can store an addi-
tional X’ (‘don’t care’) bit, which results in a match state regardless
of the input search data, and makes TCAM much more powerful
in searching®. TCAMs are highly promising for a variety of data-
intensive applications that involve searching and matching of large
amounts of data with high throughput, such as computing at the
edge of the internet, multimedia processing, big data analytics, data
mining and information retrieval>**,

TCAMs based on static random-access memories (SRAMs) are
used in commercial applications such as network routers. However,
multiple (~16) transistors are required to form a single TCAM cell,
which results in large areas and high power consumption’, limiting
its potential for energy-constrained applications. Resistive switch-
ing non-volatile memories (NVMs) are promising alternatives for
implementing TCAMs that are more area- and energy-efficient®®.
TCAMs based on spin-transfer torque (STT) RAMs’, phase-
change memories (PCMs)®, and resistive random-access memo-
ries (RRAMs)® have been demonstrated. However, these TCAM
cells have had limited (<100) resistance ratios (R-ratios) between

Data-intensive computation typically requires massive par-

the match and mismatch states (R-ratio=R_ /R imacn)- SUch an
R-ratio is not enough for many practical applications requiring
the parallel search of massive datasets', because in a TCAM array
the leakage currents of the TCAM cells on the same match line
add together, and the limited R-ratio makes it difficult to distin-
guish between the all-match state and 1-bit-mismatch state when
the array size is large. Large R-ratios comparable to those of TCAM
cells based on SRAMs (>10°) are necessary to enable parallel search
for large amounts of data while maintaining enough sense margin
in a TCAM array.

In this Article, we explore and demonstrate a TCAM architec-
ture formed by integrating monolayer (1L) molybdenum disulfide
(MoS,) field-effect transistors (FETs) with metal-oxide RRAMs in
a two-transistor-two-resistor (2T2R) layout. We show very large
R-ratios up to 8.5 X 10°, three to four orders of magnitude larger than
the R-ratios of TCAM cells based on other emerging memories, and
comparable with those of SRAM-based TCAMs. These results rep-
resent a key application of two-dimensional (2D) transistors, tak-
ing advantage of their high performance yet low leakage. Through
SPICE circuit simulations of a TCAM array with word lengths of
up to 2,048 bits and with 1,024 entries (a total of up to 2,048 kb), we
show that the measured large R-ratios of the TCAM cells lead to a
large search capacity. The low processing temperatures (<200 °C)
involved in MoS, transfer!! and RRAM fabrication can make the
manufacturing of such devices compatible with back-end-of-line
(BEOL) metal interconnect wire processes. Therefore, the TCAM
array can potentially be integrated into three-dimensional (3D) cir-
cuits with dense logic and memory layers, for low-energy and low-
latency memory access'”.

Careful selection of the transistor and memory device type is
required to achieve TCAM cells with large R-ratios. Monolayer
MoS,, a transition metal dichalcogenide (TMD), is an ideal semi-
conducting material in our application for a multitude of reasons.
First, 1L MoS, is a 2D semiconductor with a relatively wide elec-
tronic bandgap (~2eV) and large carrier effective mass'*-'*, which
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Fig. 1| The structure of 2T2R TMD-TCAM cells. a, 3D schematic illustration of the 2T2R TCAM cell, with two MoS, FETs and two HfO,-based RRAMs.
b, Top-view optical image of the 2T2R TCAM cell 1. The MoS, FETs have 5nm HfO, and 22 nm Al,O;, as the top gate dielectric, with MoS, channel width
W =50pm and channel length L = 0.8 pm (the top gate electrodes overlap with part of the source/drain contacts), and the RRAMs have a 1 pm X 1pm
overlap area. Scale bar: 50 pm. ¢, Circuit diagram of the 2T2R TCAM cell showing the definition of match and mismatch states, with the stored data bit
‘1".d, Cross-sectional TEM image of the HfO, RRAM, showing 5 nm HfO, as the RRAM switching layer. e, Cross-sectional TEM image of a top-gated
monolayer MoS, FET with 5 nm HfO, as the top gate dielectric. f, Zoomed-in view of the MoS, channel region shown by the red dashed box in e. g,h, EDS
maps of Mo and S, respectively, revealing the monolayer MoS, as the channel material, with a scale bar of 5nm.

allow 1L MoS, FETs to have low off-state leakage currents'®".
Second, 1L MoS, films can be grown over large areas'**, forming
FETs with high current drives and large on/off ratios”*. Third, 1L
MoS, FETs have superior immunity to short-channel effects, due to
the atomic-scale thickness and low dielectric constant***. Fourth,
MoS, FETs exhibit good mobility even for the monolayer channels
required for gate lengths below 10 nm, compared to bulk semicon-
ductors such as Si, which have much lower mobility at comparable
thicknesses*>***°. Finally, MoS, is atomically thin and can be trans-
ferred and fabricated at low temperatures, which make it suitable for
monolithic 3D integration and high-energy-efficiency operation.

Metal-oxide RRAMs are ideal complements to MoS, FETs*
because they are non-volatile’*, scalable to high density***, and
are as fast as dynamic random-access memory (DRAM)®. They
can achieve large resistance ratios between high-resistance states
(HRS) and low-resistance states (LRS)*, which are necessary for
large R-ratios in TCAM cells. In addition, they can readily integrate
into TCAMs because they can be fabricated on the same chip as
the computing logic transistors at low temperature (typically below
200°C), and are made with materials that are compatible with com-
plementary metal-oxide-semiconductor (CMOS) processes™”.
Importantly, the 1L MoS, FETs provide automatic current control
to reliably program the RRAMs to very high resistance states, espe-
cially during the reset process, which greatly reduces the chance for
failure at high reset voltages.

2T2R TMD-TCAM cell structure

The TMD-TCAM cell is formed by a 2T2R structure (Fig. 1a), with
each MoS, transistor driving a RRAM element, thus using far fewer
components than SRAM-based TCAM cells. This scheme builds on
the basic one-transistor-one-resistor (1T1R) device configuration,
which has been previously demonstrated®. Here we further inte-
grate the 1L MoS, FETs and RRAMs into functional TCAM cells
with large R-ratios, show the understanding of the mechanism for
obtaining high RRAM resistances using the 1T1R driving scheme,
and analyse, through circuit simulations and using the experimen-
tally obtained device characteristics, the searching capability of a
TCAM array with a long (2,048 bits) word length. The 1L MoS, is

grown by chemical vapour deposition (CVD) to ensure uniformity
and scalability’>*. The 2T2R TCAM cell has two top-gated mono-
layer MoS, FETs with a shared source (S), and each FET separately
drives a RRAM cell. The bottom electrodes (BEs) of the RRAMs
connect to the drain (D) electrodes of the FETs, and the two RRAMs
share the top electrode (TE) (Fig. 1b). The top gates (TGs) of the
MoS, FETs control the two MoS, channels separately. The fabrica-
tion process is shown in Supplementary Fig. 1.

The circuit diagram with the stored data in the TCAM cell and
the searching scheme is shown in Fig. 1c, which we will discuss
in detail in later sections. The structure of the fabricated RRAM
is shown by the cross-sectional transmission electron microscopy
(TEM) image in Fig. 1d, which consists of a HfO, switching layer
between the top and bottom electrodes. The TEM cross section of
the top-gated MoS, FET is shown in Fig. le, with the zoomed-in
image showing the 1L MoS, channel (Fig. 1f). Energy dispersive
spectroscopy (EDS) maps for Mo and S in Fig. 1g,h confirm the 1L
MoS, material.

1T1R programming for data storage in TCAM cells
Data storage in an individual RRAM element is mediated using the
MoS, access transistors in a 1T1R configuration. When program-
ming one of the RRAMs in a TCAM cell, the MoS, FET address-
ing the other RRAM in the same TCAM cell is turned off to avoid
cross-talk. The schematic and the equivalent circuit diagram of the
ITIR structure are illustrated in Fig. 2a,b, respectively. We first
characterize the properties of the top-gated monolayer MoS, FETs,
and the measured drain current I, versus Vg4 characteristic in
Fig. 2c shows an on/off ratio ~2x 107. A higher on/off ratio of 10°
is obtained in back-gated MoS, FETs (Supplementary Fig. 2). We
measure the I, versus Vs curves at different Vg, showing a cur-
rent drive up to 170 pA pm~', with no electrical breakdown up to
Vps=11V (Fig. 2d). These results are important because the MoS,
FETs not only need to provide enough current drive to the RRAMs,
but also need to sustain large enough voltages for programming the
RRAMs.

To store the data bits in the TMD-TCAM cells, we then pro-
gram the RRAMs using the 1T1R scheme. With one FET turned
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Fig. 2 | Measurements of the TT1R component with the monolayer MoS, FET driving the RRAM. a, 3D schematic of the 1T1R structure, as a component of
the 2T2R TCAM cell. b, Circuit diagram of the 1T1R structure in a. ¢,d, Measured representative Iy-V;q.s (€) and I5-Vs (d) characteristics of the top-gated
monolayer MoS, FETs with 25 nm HfO, as gate dielectric, with W=50 pm, L =0.8 pm, measured at V;; =0V and with the source grounded. Inset in ¢: Top-
view optical image of the MoS, FET, with a scale bar of 10 pm, showing that the top gate overlaps with part of the source/drain so that the MoS, channel
length is shorter than the gate length. e, 45 cycles of 1T1R set and reset measurements, using the top-gated MoS, FET with 5nm HfO, and 7nm Al,O; as
gate dielectric, with W=20 pm, L = 0.6 pm, and RRAM with a T pm X Tpm overlap area. f, Distribution of the set and reset voltages in e. g, Distribution of
HRS and LRS resistances during 1T1R measurements in e. h, Pulsed reset measurements on another 1T1R structure using an increasing number of pulses

(with Tps pulse width) during RRAM reset, showing multiple resistance states.

on, the programming voltage is applied on the top electrode of
the RRAM (Fig. 2b). The HfO,-based RRAMs typically need a
forming process to create the initial conductive filament, which
requires a relatively high voltage up to 5V (Supplementary
Fig. 3), and the MoS, FET is compatible with such high voltage
drive. Then we repeatedly reset/set the RRAM to HRS/LRS by
applying negative/positive voltages on TE (V) while ground-
ing the source, for 45 cycles using d.c. voltage sweeps (Fig. 2e).
We observe that the 1L MoS, FET drives enough current to the
RRAM, and that it reliably controls the current compliance dur-
ing the RRAM set process. The distributions of set and reset volt-
ages during the d.c. sweeps exhibit small variations (Fig. 2f). The
distributions of HRS and LRS resistances (including the RRAM
resistance and on-state resistance of the MoS, FET) are summa-
rized in Fig. 2g, showing that the ‘worst-case’ ratio between the
HRS and the LRS (if we include the tails of the distribution) is
154, and the median value resistance ratio is 1,225. We also con-
trol the resistance levels during reset by applying voltage pulses
and gradually increasing the pulse number, which provides flex-
ibility to meet certain R-ratio requirements by trading off power
and energy consumption (Fig. 2h).

Large R-ratios in TMD-TCAM cells

In the TMD-TCAM cells, the two RRAMs in a TCAM cell are pro-
grammed to store one bit of TCAM data. As shown in the circuit
diagram in Fig. Ic, the stored TCAM data are defined as follows.
Data bit ‘I’ RRAMI is in HRS, RRAM2 is in LRS. Data bit ‘0:
RRAMLI is in LRS, RRAM2 is in HRS. Data bit X’ (don’t care bit):
both RRAMs are in HRS. When we search for the data in the TCAM
cell, we send the search signals to the TGs of the transistors, and the
data search operation can be defined as follows. Search bit ‘1’: TG1
is high (FET1 is on), TG2 is low (FET2 is off). Search bit ‘0: TG2 is

110

high (FET2 is on), TGI is low (FET1 is off). The search signals on
the two transistors are always the opposite.

To obtain a large R-ratio in the TCAM cell, it is important to
have both a large on/off ratio of the transistor and a large HRS/
LRS resistance ratio of the RRAM. In the specific example shown
in Fig. Ic, data bit ‘1’ is stored in this TCAM cell. When we search
for bit ‘1’ which results in a match state, the resistance of the TCAM
cell is high. In this match state, the FET in series with the RRAM
in HRS is turned on, while the FET in series with the RRAM in
LRS is turned off, so the total resistance in the match state is:
Rypaich = (Ryof + Rigs) || (Ry on + Rgs) & R ol [Rypss Where Ry
Ry, are the off-state and on-state resistance of the transistor, respec-
tively, and Ryps and Ry are the HRS and LRS state resistance of the
RRAM, respectively. Here we assume that Ry and Ry are much
larger than R;,, and R, which is true for the properly designed
devices in our experiments.

On the other hand, if we search for bit ‘0" when the stored
data is bit ‘1, this results in a mismatch state, and the resis-
tance of the TCAM cell is low. In the mismatch state, the FET
in series with the RRAM in HRS is turned off, while the FET in
the series with the RRAM in LRS is turned on, and the cell resis-
tance is: Rmismatch = (RT,off + RHRS) ” (RT,on + RLRS) ~ RT,on + RLRS’
For the stored bit X;, it is also called ‘don’t care bit’ because both
RRAMs store HRS, and no matter which transistor is turned
on, the TCAM always results in a high resistance, as shown by
Ry = (R o + Ryg) 1| (R on + Riags) & (R o + Riggs) || Rgs:

TCAM application is read-dominant, thus to characterize our
2T2R TCAM cells, we program an individual cell to store data bit
‘I’ and repeatedly search for the bit by applying quasi-d.c. voltages
to the top gates and reading the resistance at the RRAM top elec-
trode. The measurement results for TMD-TCAM cell 1 storing
data bit ‘1" are summarized in Fig. 3a,b, with the optical image and
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Fig. 3| 2T2R TMD-TCAM cell characterization. a,b, Repeated quasi-d.c. reading of the resistance of the TMD-TCAM cell 1 from the top electrode of the
RRAMs, for both match and mismatch states between the search data and the stored data bit ‘1", using moderate gate voltages on MoS, FETs (@), which
result in a moderate R-ratio, for 200 cycles, and large gate voltages (b), which result in a large R-ratio, for 280 cycles. ¢, Pulsed read measurements of the
match and mismatch states for up to 2 x 10" cycles after re-programming the TMD-TCAM cell 1 to store data bit ‘0’". The resistance values are fairly stable,

which is consistent with the retention measurement (Supplementary Fig. 4a).
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geometry of the TCAM cell shown in Fig. 1b. When V. ;; =15V and
V1e,=-15V, a match state is achieved, otherwise a mismatch state is

. . . R R R
achieved. We get a moderate R-ratio (R—ratio = —2h M)
mismatch Ron+ Rigs

of ~5,000 for the TCAM cell (Fig. 3a), which is higher than previ-
ous TCAM cells based on RRAMs or PCMs, but lower than SRAM-
based TCAMs. When we increase |Vig| to 20V, R,,.., increases and
R ismacn decreases, resulting in a high R-ratio of up to ~8.5x10°
(Fig. 3b), which is comparable to SRAM-based TCAM cells.

TCAM searching does not require constantly re-programming
the TCAM. We have measured set/reset of the RRAM using voltage
pulses for up to 10° cycles (Supplementary Fig. 4), which satisfies the
need for most TCAM applications. For the same TCAM cell, we re-
program the cell so that it stores data bit ‘0’ (Supplementary Fig. 5).
We read the resistance values of the TCAM cell using read voltage
pulses for up to 2x 10" times, for both match and mismatch states,
and observe very stable TCAM resistances, showing that the TCAM
is very robust to read disturbances of the programmed state (Fig. 3c).
The TCAM cell storing bit ‘0’ also has a high R-ratio of ~10%

The high R-ratios in our 2T2R TCAM cells are due not only to
the high on/off ratio of the 1L MoS, FETs, but also to our unique
1T1R programming scheme, which enables higher programmed
resistance states for the RRAMs. When programming the RRAM,
the Ry, (~1-3k€) of the MoS, FET is tuned to be comparable or
slightly lower than the R ¢ (~2-9k€2) of the RRAM, and they form
a voltage divider. As shown in Fig. 4a, the voltage on the RRAM
is initially V;—1IRy,,, and gradually increases with the applied
voltage V. When the reset process starts (with the defect pro-
file in the RRAM illustrated in Fig. 4b), the increasing resistance

on the RRAM results in a larger voltage drop that develops across
the RRAM, which accelerates the reset process. After the reset
finishes, because Ry is much larger than Ry, the voltage on the
RRAM quickly increases to V1. This voltage Vg 1 is typically much
higher than the RRAM reset voltage when not using the transistor
in series with the RRAM (typically ~1V), thus resulting in a much
stronger reset and higher resistance in HRS (Fig. 4c). As shown in
Supplementary Fig. 6, during the RRAM reset process, if the RRAM
is programmed in the 1TIR scheme, the chance for reverse set fail-
ure is much lower than that without the transistor in series, espe-
cially at high reset voltages. Therefore, it is critical that in this 1T1R
programming scheme we tune the resistance of the MoS, FET to
be similar to the R, ys of the RRAM, because it allows us to apply a
large voltage across the RRAM during the reset process to achieve a
higher resistance in HRS, yet avoids the reset failure or hard break-
down of the RRAM at large voltages by providing robust current
control®. The gate dielectric thicknesses and top gate voltages of the
MoS, FETs are chosen to ensure proper programming of the TCAM
cells without breakdown of the gate dielectric (Supplementary Note
5 and Supplementary Fig. 7). Measured data from three other repre-
sentative TCAM cells are presented in Supplementary Figs. 8 and 9
and also show large R-ratios.

Simulation of TCAM array with large search capacity

We perform extensive circuit-level analysis of a TCAM array using
the measured data from these MoS,-RRAM 2T2R TCAM cells (with
device variations) and using silicon-based 90-nm CMOS technol-
ogy for peripheral circuits*>** (Fig. 5a). The analysis is based on
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Fig. 5 | Simulation (using SPICE) of the TCAM array using measured 2T2R TMD-TCAM cells. a, Circuit diagram of the simulated TCAM array, using

the 2T2R MoS,-RRAM TCAM cells measured in our experiments, and the standard peripheral circuits based on 90-nm CMOS technology, with the data
encoding definitions shown at the bottom. b, Simulated distribution of the match line resistance for all-match and 1-bit-mismatch states, for a word length
of 64 bit, with 1,024 entries, using the measured R-ratios of the TMD-TCAM cells. ¢, Simulated ML discharging behaviours during a search operation (for
all-match and 1-bit-mismatch states), showing the VBSM. ML delay (T;,,) is quantified to be 1.25ns. d, Simulation of RBSM at increasing word lengths and
comparison with reported results, showing that our TCAM cell with large RBSM can enable very high searching capacity.

SPICE simulations using RRAM array models* and 90-nm predic-
tive technology model (PTM)*, with the detailed parameters for the
simulation shown in Supplementary Table 1. For each TCAM cell,
the shared source is grounded, the two top gates are on the search
lines (SL and SL), and the two RRAMs share the same TE, which
is on the match line (ML). As such, during TCAM operation, the
MLs first get charged up to the supply voltage Vi, then the search
data are compared with the data stored in the TCAM cells on all
MLs together (in one clock cycle). If all the data on a ML match
with the search data, then that ML remains high, and the match line
sense amplifier (MLSA) reads out the signal. If there is at least one
mismatched bit, then that ML will be pulled down to a lower level,
which will then be captured by the MLSA.

Sense margin is essential in assessing the parallel search capa-
bility of a TCAM. Sense margin can be defined in two methods:
the resistance-based sense margin (RBSM), which means the ML
resistance ratio between the all-match and 1-bit-mismatch states,
and the voltage-based sense margin (VBSM), which means the
ML voltage difference between the all-match and 1-bit-mismatch
states at certain search latency. The 1-bit-mismatch case is chosen

because it is the hardest-to-detect mismatch. The simulated distri-
bution of the resistances on the ML for the all-match and 1-bit-mis-
match cases for a 64-bit word is shown in Fig. 5b. The requirements
for the transistor and RRAM resistance to achieve certain RBSM
is also analysed (Supplementary Fig. 10). The ML development is
simulated using VBSM (Fig. 5¢), showing search latency of 1.25ns
when the MLSA margin is reached (Supplementary Note 9). The
energy consumption is also simulated, showing that a large R-ratio
not only results in a high search throughput, but also improves
the search energy efficiency (effective energy per bit per search)
for the 1-bit-mismatch state (Supplementary Fig. 11). Simulation
based on our experimentally measured TCAM cells with moder-
ate R-ratio and high R-ratio provides a RBSM (R,_mach/ Ribit-mismatch)
of ~30 and up to ~4,340, respectively (Fig. 5b), where R, . IS
the ML resistance when all the data stored in the TCAM cells on
the same ML match with the input data, and R, ;. iemac 1S the ML
resistance when only one bit of data stored in the TCAM cells on
the same ML shows a mismatch with the input data. Sense margin
decreases with larger word length, which ultimately limits the size
of the TCAM array available. The large R-ratio of a TCAM cell is
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extremely important in obtaining a large enough sense margin for a
long word length. Compared with other reported TCAMs based on
emerging memories (including PCMs and RRAMs) with the same
word length (64 bits)*, the simulated TMD-TCAM arrays based
on our measured 2T2R TCAM cells show up to two orders of mag-
nitude larger RBSM (Fig. 5d).

Discussion on using MoS, FETs for TCAMs

Although silicon FETs can also be used as the transistors in these
TCAM cells*!, 2D MoS, FETs can outperform silicon FETs in
applications requiring low-power, large-scale, and monolithic
3D-integrated TCAMs, due to several advantageous properties.
First, 1L MoS, FETs have very low leakage currents and high oft-
state resistances'®". This contributes to both low-power and large-
scale TCAMs: for a large TCAM array, the low-leakage transistors
can effectively shut off the leakage paths through them, thus reduc-
ing the total power consumption. Furthermore, the large R-ratio
of each TCAM cell is necessary to maintain a considerable RBSM
when the array size is large, and low-leakage transistors can lead
to large R-ratios. Second, MoS, is atomically thin, and MoS, FETs
have higher mobility than Si FETs at monolayer thicknesses. This
can lead to large-scale TCAM and monolithic 3D integration, as 1L
MoS, is immune to short channel effects, is scalable to gate lengths
below 10 nm (refs.*?"**), and is suitable for large-scale and tight
integration with small footprints. Additionally, in monolithic 3D
integration, where device layers are laid on top of each other, 1L
MoS, results in thinner device layers, which allows denser inter-
layer vias for interconnects within the limit of the etching aspect
ratio. Finally, the MoS, transfer and other fabrication steps can be
performed below 200°C. This enables the 2T2R TCAM cells to be
fabricated in a monolithic 3D scheme, where the MoS, FETs can
be placed underneath (or above) the RRAM layer without consum-
ing additional chip area. Comparison of the cell sizes of different
TCAM cell designs is shown in Supplementary Table 2. Other types
of resistive memories can also be considered for vertical scalability
in 3D integration®.

Conclusions

We have reported 2T2R TCAM cells made from CVD monolayer
MoS, FETs and HfO,-RRAMs. The TMD-TCAM cells exhibit a
high R-ratio comparable to SRAM-based TCAMs, due to the low
off-state current of 1L MoS, FETs and the robust current control
in the 1T1R driving scheme. We have also shown that, when these
TCAM cells are integrated into a TCAM array, a very large RBSM
can be achieved for a long word length, allowing searches of a large
amount of data in parallel. Such a platform is highly promising for
data-intensive applications involving high-throughput matching
and searching, such as information retrieval and big data analy-
sis**%, as well as monolithic 3D integration of logic and memory for
energy-efficient computing.

Methods

Fabrication process of the 2T2R structure. Fabrication of the 2T2R TCAM
starts from CVD growth of continuous, monolayer MoS, continuous films on
SiO, (300 nm) on highly doped Si substrates treated with hexamethyldisilazane
(HMDS), using solid sulfur and MoO, precursors with the aid of perylene-3,4,9,10
tetracarboxylic acid tetrapotassium salt (PTAS), at a temperature of 850 °C for
15min, and at a pressure of 760 torr with an Ar environment (Supplementary

Fig. 1a). The growth process has been optimized to grow continuous monolayer
Mos, films with approximately cm? size and low variability”. 1 L MoS, FETs using
such CVD materials have shown lower variation in charge carrier density than Si
transistors based on 2nm ultrathin body silicon-on-insulator”, indicating that the
MoS, FETs are not expected to increase by much the variability of a large-scale
TCAM. Next, electron beam lithography (EBL) is performed to define the MoS,
channels, followed by etching away the MoS, in other regions with a gentle CF,
plasma (Supplementary Fig. 1b). Another EBL is then performed, followed by
physical vapour deposition of pure Au contacts to MoS, and lift-off, and the Au
contacts ensure low contact resistances”” and high current drives of these MoS,

FETs. Then another EBL followed by Ti and Pt evaporation and lift-off define the
bottom electrodes of the RRAMs. Next, atomic layer deposition (ALD) of 5nm
HfO, is performed at 200 °C in vacuum at 0.1 torr base pressure and with N, carrier
gas, which forms the switching layer of the RRAMs (Supplementary Fig. 1c). After
that, EBL, sputter deposition of TiN and Pt, and lift-off define the top electrodes of
the RRAMs (Supplementary Fig. 1d). Another optional ALD of HfO, at 200°C or
Al O, at 150 °C following the evaporation of 1.5nm Al seed adds to the 5nm HfO,
and forms the top gate dielectric of the MoS, FETs together. The combination and
thickness of the gate dielectric are chosen to ensure that the MoS, FETs effectively
program the RRAM:s in a 2T2R TCAM cell to obtain certain R-ratios without
experiencing dielectric breakdown (Supplementary Note 5 and Supplementary
Fig. 7). The last EBL, Ti and Au evaporation, and lift-off define the top gates,
forming the top-gated MoS, FETs (Supplementary Fig. 1e).

Electrical measurement techniques. The static electrical properties including
I,- Vs and I, Vs characteristics of the MoS, FETs and the IT1IR RRAM
programming and 2T2R matching measurements are performed at atmospheric
pressure with N, flow, using a probe station with up to four probes and four source
measurement units (SMUs) connected to a Keithley 4200SCS semiconductor
parameter analyser (SPA). During the measurements of the MoS, FETs, the
voltages are applied to the gates and a drain, and the source is grounded. During
the 1T1R RRAM programming, one transistor in the 2T2R cell is turned on for
programming the RRAM cell in series with it, while the other transistor in series
with the other RRAM is turned off to avoid cross-talk. Then voltage is applied
between the top electrode of the RRAM and the source electrode of the FET to
program the RRAM through the control of the MoS, FET. Si back gate voltages
can also be applied to turn on/off the transistor better, together with the top gates.
During the pulsed measurements, we use the pulse measurement units (PMUs)
connected to the same SPA to provide the voltage pulses.

SPICE simulation of the TCAM array. The simulation of the full TCAM array
is performed using SPICE, assuming that the peripheral circuits including the
MLSA are based on 90-nm silicon CMOS technology, with detailed parameters
in Supplementary Table 1. The TCAM cell characteristics are based on our
experimentally measured results for 2T2R structures using MoS, FETs and
RRAMs. The number of columns, or the word length to search, varies from 64
bits to 2,048 bits, while the number of rows is kept at 1,024 entries. The resistance
variation measured from the experimental data has been included in the
simulation to estimate the distribution of ML resistance and the sense margin.

Data availability
The data that support the plots within this paper and other findings of this study
are available from the corresponding author upon reasonable request.
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