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Ternary content-addressable memory with MoS2
transistors for massively parallel data search
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Ternary content-addressable memory (TCAM) is specialized hardware that can perform in-memory search and pattern matching 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 MoS2 transistors with metal-oxide resistive random-access memories (RRAMs). The MoS2 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 × 105 between match and mismatch states. This R-ratio is comparable to that of commercial 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.

D

ata-intensive computation typically requires massive parallel processing and demands heavy memory traffic due to
frequent off-chip memory access1. Off-chip memory access
incurs ten times more latency and energy consumption than onchip memory data manipulation2. To eliminate redundant computations 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 consumption and latency3–5. Ternary content-addressable memory
(TCAM) is a hardware realization of in-memory computing for the
parallel search of massive datasets, which saves time and energy6.
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 detected7. 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 additional ‘X’ (‘don’t care’) bit, which results in a match state regardless
of the input search data, and makes TCAM much more powerful
in searching8. TCAMs are highly promising for a variety of dataintensive 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 retrieval3,4,8.
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 consumption7, limiting
its potential for energy-constrained applications. Resistive switching non-volatile memories (NVMs) are promising alternatives for
implementing TCAMs that are more area- and energy-efficient6,8.
TCAMs based on spin-transfer torque (STT) RAMs9, phasechange memories (PCMs)8, and resistive random-access memories (RRAMs)6 have been demonstrated. However, these TCAM
cells have had limited (≤100) resistance ratios (R-ratios) between

the match and mismatch states (R-ratio = Rmatch/Rmismatch). Such an
R-ratio is not enough for many practical applications requiring
the parallel search of massive datasets10, 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 distinguish 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 (>105) 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 architecture formed by integrating monolayer (1 L) molybdenum disulfide
(MoS2) 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 × 105, 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 represent a key application of two-dimensional (2D) transistors, taking 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 MoS2 transfer11 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) circuits with dense logic and memory layers, for low-energy and lowlatency memory access12.
Careful selection of the transistor and memory device type is
required to achieve TCAM cells with large R-ratios. Monolayer
MoS2, a transition metal dichalcogenide (TMD), is an ideal semiconducting material in our application for a multitude of reasons.
First, 1 L MoS2 is a 2D semiconductor with a relatively wide electronic bandgap (~2 eV) and large carrier effective mass13–15, 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 MoS2 FETs and two HfOx-based RRAMs.
b, Top-view optical image of the 2T2R TCAM cell 1. The MoS2 FETs have 5 nm HfOx and 22 nm Al2O3 as the top gate dielectric, with MoS2 channel width
W = 50 μm and channel length L = 0.8 μm (the top gate electrodes overlap with part of the source/drain contacts), and the RRAMs have a 1 μm × 1 μm
overlap area. Scale bar: 50 μm. c, 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 HfOx RRAM, showing 5 nm HfOx as the RRAM switching layer. e, Cross-sectional TEM image of a top-gated
monolayer MoS2 FET with 5 nm HfOx as the top gate dielectric. f, Zoomed-in view of the MoS2 channel region shown by the red dashed box in e. g,h, EDS
maps of Mo and S, respectively, revealing the monolayer MoS2 as the channel material, with a scale bar of 5 nm.

allow 1 L MoS2 FETs to have low off-state leakage currents16,17.
Second, 1 L MoS2 films can be grown over large areas18–20, forming
FETs with high current drives and large on/off ratios21–23. Third, 1 L
MoS2 FETs have superior immunity to short-channel effects, due to
the atomic-scale thickness and low dielectric constant24,25. Fourth,
MoS2 FETs exhibit good mobility even for the monolayer channels
required for gate lengths below 10 nm, compared to bulk semiconductors such as Si, which have much lower mobility at comparable
thicknesses23,26–29. Finally, MoS2 is atomically thin and can be transferred 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 MoS2 FETs30
because they are non-volatile31,32, scalable to high density33,34, and
are as fast as dynamic random-access memory (DRAM)35. They
can achieve large resistance ratios between high-resistance states
(HRS) and low-resistance states (LRS)36, 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 complementary metal–oxide–semiconductor (CMOS) processes30,37.
Importantly, the 1 L MoS2 FETs provide automatic current control
to reliably program the RRAMs to very high resistance states, especially 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 MoS2 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 demonstrated38. Here we further integrate the 1 L MoS2 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 experimentally obtained device characteristics, the searching capability of a
TCAM array with a long (2,048 bits) word length. The 1 L MoS2 is

grown by chemical vapour deposition (CVD) to ensure uniformity
and scalability19,39. The 2T2R TCAM cell has two top-gated monolayer MoS2 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
MoS2 FETs control the two MoS2 channels separately. The fabrication 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 HfOx switching layer
between the top and bottom electrodes. The TEM cross section of
the top-gated MoS2 FET is shown in Fig. 1e, with the zoomed-in
image showing the 1 L MoS2 channel (Fig. 1f). Energy dispersive
spectroscopy (EDS) maps for Mo and S in Fig. 1g,h confirm the 1 L
MoS2 material.

1T1R programming for data storage in TCAM cells

Data storage in an individual RRAM element is mediated using the
MoS2 access transistors in a 1T1R configuration. When programming one of the RRAMs in a TCAM cell, the MoS2 FET addressing the other RRAM in the same TCAM cell is turned off to avoid
cross-talk. The schematic and the equivalent circuit diagram of the
1T1R structure are illustrated in Fig. 2a,b, respectively. We first
characterize the properties of the top-gated monolayer MoS2 FETs,
and the measured drain current ID versus VTG-S characteristic in
Fig. 2c shows an on/off ratio ~2 × 107. A higher on/off ratio of 109
is obtained in back-gated MoS2 FETs (Supplementary Fig. 2). We
measure the ID versus VDS curves at different VTG-S, showing a current drive up to 170 μA μm−1, with no electrical breakdown up to
VDS = 11 V (Fig. 2d). These results are important because the MoS2
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 program the RRAMs using the 1T1R scheme. With one FET turned
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Fig. 2 | Measurements of the 1T1R component with the monolayer MoS2 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. c,d, Measured representative ID–VTG-S (c) and ID–VDS (d) characteristics of the top-gated
monolayer MoS2 FETs with 25 nm HfOx as gate dielectric, with W = 50 μm, L = 0.8 μm, measured at VBG = 0 V and with the source grounded. Inset in c: Topview optical image of the MoS2 FET, with a scale bar of 10 μm, showing that the top gate overlaps with part of the source/drain so that the MoS2 channel
length is shorter than the gate length. e, 45 cycles of 1T1R set and reset measurements, using the top-gated MoS2 FET with 5 nm HfOx and 7 nm Al2O3 as
gate dielectric, with W = 20 μm, L = 0.6 μm, and RRAM with a 1 μm × 1 μm 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 1 μs 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 HfOx-based RRAMs typically need a
forming process to create the initial conductive filament, which
requires a relatively high voltage up to 5 V (Supplementary
Fig. 3), and the MoS2 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 TE) while grounding the source, for 45 cycles using d.c. voltage sweeps (Fig. 2e).
We observe that the 1 L MoS2 FET drives enough current to the
RRAM, and that it reliably controls the current compliance during the RRAM set process. The distributions of set and reset voltages 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 MoS2 FET) are summarized 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 control the resistance levels during reset by applying voltage pulses
and gradually increasing the pulse number, which provides flexibility 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 programmed to store one bit of TCAM data. As shown in the circuit
diagram in Fig. 1c, the stored TCAM data are defined as follows.
Data bit ‘1’: RRAM1 is in HRS, RRAM2 is in LRS. Data bit ‘0’:
RRAM1 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), TG1 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. 1c, 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:
R match = (R T,off + RLRS ) ∣∣ (R T,on + RHRS ) ≈ R T,off ∣∣RHRS, where RT,off,
RT,on are the off-state and on-state resistance of the transistor, respectively, and RHRS and RLRS are the HRS and LRS state resistance of the
RRAM, respectively. Here we assume that RT,off and RHRS are much
larger than RT,on and RLRS, 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 resistance 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 resistance is: R mismatch = (R T,off + RHRS ) ∣∣ (R T,on + RLRS ) ≈ R T,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
RX = (R T,off + RHRS ) ∣∣ (R T,on + RHRS ) ≈ (R T,off + RHRS ) ∣∣RHRS.
TCAM application is read-dominant, thus to characterize our
2T2R TCAM cells, we program an individual cell to store data bit
‘1’ and repeatedly search for the bit by applying quasi-d.c. voltages
to the top gates and reading the resistance at the RRAM top electrode. 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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geometry of the TCAM cell shown in Fig. 1b. When VTG1 = 15 V and
VTG2 = -15 V, a match state is achieved, otherwise a mismatch state is
R
∣∣ R
achieved. We get a moderate R-ratio (R−ratio = R match ≈ T,off HRS )
R mismatch

R T,on + R LRS

of ~5,000 for the TCAM cell (Fig. 3a), which is higher than previous TCAM cells based on RRAMs or PCMs, but lower than SRAMbased TCAMs. When we increase |VTG| to 20 V, Rmatch increases and
Rmismatch decreases, resulting in a high R-ratio of up to ~8.5 × 105
(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 105 cycles (Supplementary Fig. 4), which satisfies the
need for most TCAM applications. For the same TCAM cell, we reprogram 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 2 × 1011 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 ~104.
The high R-ratios in our 2T2R TCAM cells are due not only to
the high on/off ratio of the 1 L MoS2 FETs, but also to our unique
1T1R programming scheme, which enables higher programmed
resistance states for the RRAMs. When programming the RRAM,
the RT,on (~1–3 kΩ) of the MoS2 FET is tuned to be comparable or
slightly lower than the RLRS (~2–9 kΩ) of the RRAM, and they form
a voltage divider. As shown in Fig. 4a, the voltage on the RRAM
is initially VS-TE − IRT,on, and gradually increases with the applied
voltage VS-TE. When the reset process starts (with the defect profile 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 RHRS is much larger than RT,on, the voltage on the
RRAM quickly increases to VS-TE. This voltage VS-TE is typically much
higher than the RRAM reset voltage when not using the transistor
in series with the RRAM (typically ~1 V), 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 1T1R scheme, the chance for reverse set failure is much lower than that without the transistor in series, especially at high reset voltages. Therefore, it is critical that in this 1T1R
programming scheme we tune the resistance of the MoS2 FET to
be similar to the RLRS 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 breakdown of the RRAM at large voltages by providing robust current
control40. The gate dielectric thicknesses and top gate voltages of the
MoS2 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 representative 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 MoS2-RRAM 2T2R TCAM cells (with
device variations) and using silicon-based 90-nm CMOS technology for peripheral circuits41,42 (Fig. 5a). The analysis is based on
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SPICE simulations using RRAM array models43 and 90-nm predictive technology model (PTM)44, 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 VDD, 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 capability 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
112

because it is the hardest-to-detect mismatch. The simulated distribution of the resistances on the ML for the all-match and 1-bit-mismatch 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. 5c), showing search latency of 1.25 ns
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 moderate R-ratio and high R-ratio provides a RBSM (Rall-match/R1-bit-mismatch)
of ~30 and up to ~4,340, respectively (Fig. 5b), where Rall-match is
the ML resistance when all the data stored in the TCAM cells on
the same ML match with the input data, and R1-bit-mismatch is 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)6,8, the simulated TMD-TCAM arrays based
on our measured 2T2R TCAM cells show up to two orders of magnitude larger RBSM (Fig. 5d).

Discussion on using MoS2 FETs for TCAMs

Although silicon FETs can also be used as the transistors in these
TCAM cells6,8, 2D MoS2 FETs can outperform silicon FETs in
applications requiring low-power, large-scale, and monolithic
3D-integrated TCAMs, due to several advantageous properties.
First, 1 L MoS2 FETs have very low leakage currents and high offstate resistances16,17. This contributes to both low-power and largescale TCAMs: for a large TCAM array, the low-leakage transistors
can effectively shut off the leakage paths through them, thus reducing 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, MoS2 is atomically thin, and MoS2 FETs
have higher mobility than Si FETs at monolayer thicknesses. This
can lead to large-scale TCAM and monolithic 3D integration, as 1 L
MoS2 is immune to short channel effects, is scalable to gate lengths
below 10 nm (refs. 23,27,28), 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, 1 L
MoS2 results in thinner device layers, which allows denser interlayer vias for interconnects within the limit of the etching aspect
ratio. Finally, the MoS2 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 MoS2 FETs can
be placed underneath (or above) the RRAM layer without consuming 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 integration45.

Conclusions

We have reported 2T2R TCAM cells made from CVD monolayer
MoS2 FETs and HfOx-RRAMs. The TMD-TCAM cells exhibit a
high R-ratio comparable to SRAM-based TCAMs, due to the low
off-state current of 1 L MoS2 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 analysis3,4,8, 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 MoS2 continuous films on
SiO2 (300 nm) on highly doped Si substrates treated with hexamethyldisilazane
(HMDS), using solid sulfur and MoO3 precursors with the aid of perylene-3,4,9,10
tetracarboxylic acid tetrapotassium salt (PTAS), at a temperature of 850 °C for
15 min, and at a pressure of 760 torr with an Ar environment (Supplementary
Fig. 1a). The growth process has been optimized to grow continuous monolayer
MoS2 films with approximately cm2 size and low variability39. 1 L MoS2 FETs using
such CVD materials have shown lower variation in charge carrier density than Si
transistors based on 2 nm ultrathin body silicon-on-insulator19, indicating that the
MoS2 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 MoS2
channels, followed by etching away the MoS2 in other regions with a gentle CF4
plasma (Supplementary Fig. 1b). Another EBL is then performed, followed by
physical vapour deposition of pure Au contacts to MoS2 and lift-off, and the Au
contacts ensure low contact resistances27 and high current drives of these MoS2

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 5 nm
HfOx is performed at 200 °C in vacuum at 0.1 torr base pressure and with N2 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 HfO2 at 200 °C or
Al2O3 at 150 °C following the evaporation of 1.5 nm Al seed adds to the 5 nm HfOx
and forms the top gate dielectric of the MoS2 FETs together. The combination and
thickness of the gate dielectric are chosen to ensure that the MoS2 FETs effectively
program the RRAMs 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 MoS2 FETs (Supplementary Fig. 1e).
Electrical measurement techniques. The static electrical properties including
ID–VDS and ID–VGS characteristics of the MoS2 FETs and the 1T1R RRAM
programming and 2T2R matching measurements are performed at atmospheric
pressure with N2 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 MoS2 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 MoS2 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 MoS2 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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Supplementary Fig. 1. Fabrication process of the 2T2R transition metal dichalcogenide
(TMD) ternary content-addressable memory (TCAM) cell. a, Chemical vapor deposition
(CVD) of monolayer MoS2 on SiO2/Si substrate. b, Etching the molybdenum disulfide (MoS2),
forming metal contact to the MoS2, and patterning the bottom electrode (BE) of the resistive
random-access memory (RRAM). c, Atomic layer deposition (ALD) of HfOx. d, Patterning the
top electrode (TE) of the RRAM. e, ALD of the top gate dielectric, and patterning the top gate
(TG) of the MoS2 field-effect transistor (FET). f, Raman spectrum of the CVD monolayer (1L)
MoS2, showing peak separation of 19.7 cm-1 which confirms that the MoS2 is 1L. Fitting to the
Lorentzian is shown by the dashed lines.
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Supplementary Note 1. Characterization of the back-gated MoS2 FETs
We perform measurements on the back-gated MoS2 FETs, to examine the performance of the
MoS2 FETs without any effect from the top gates. The back-gated MoS2 FETs show on/off ratio
up to 109, which represents the potential of these MoS2 FETs for low-leakage applications
[S1,S2,S3] (Supplementary Fig. 2a). The higher on/off ratio than top-gated MoS2 FETs indicate
n-doping during top gate fabrication, which can be further improved toward top-gated MoS2 FETs
with even lower leakage and TCAM cells with even higher resistance ratio (R-ratio) between match
and mismatch states. The ID – VDS characteristics in Supplementary Fig. 2b shows that the
electrical breakdown voltage of these MoS2 FETs (channel length L = 0.8 µm) can be as high as
~30 V, which shows great potential for further scaling down the MoS2 channel while still
successfully driving the RRAMs.
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Supplementary Fig. 2. Characterization of the back-gated MoS2 FETs. a, ID – VBG-S curves
showing high on/off ratio. b, ID – VDS characteristics at large VDS, until dielectric breakdown
occurs.
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Supplementary Note 2. 1-transistor-1-resistor (1T1R) forming of the RRAMs
The metal-oxide RRAMs typically require a forming process to form the initial conductive
filament, which uses larger voltage than the set and reset processes [S4]. The scanning electron
microscopy (SEM) image in Supplementary Fig. 3a shows the cross-bar structure RRAM. The
forming process using 1T1R scheme is shown in Supplementary Fig. 3b, where the monolayer
MoS2 FET sets the current compliance.
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Supplementary Fig. 3. Initial characterization of the RRAMs. a, SEM image of the crossbar
structure RRAM. b, The forming process of a RRAM using 1T1R configuration, with 5 nm HfOx
and 7 nm Al2O3 as top gate dielectric, and at top gate voltage (VTG) of 5 V.
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Supplementary Note 3. Retention and cycling of the RRAMs
The retention of the RRAMs measured at 125ºC up to 10,000 s is shown in Supplementary Fig.
4a, which confirms that the resistance states of these RRAMs are very stable over time, and thus
are suitable for TCAM applications where the TCAM cells will be repeatedly read for long time.
Since the TCAM application is read-dominant, the number of cycles to re-program the RRAMs is
not critical [S5]. Nevertheless, we use voltage pulses to set and reset the RRAMs for up to 105
cycles (Supplementary Fig. 4b), which meets the requirements for most TCAM applications.
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Supplementary Fig. 4. Further characterization of the RRAM properties. a, Retention of the
RRAM measured using RRAM only (1R) scheme at 125ºC. b, Cycle of RRAM measured using
1R scheme, using programming voltage pulse width of 200 ns.
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Supplementary Fig. 5. Circuit diagram of a TCAM cell which stores data bit “0”.
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Supplementary Note 4. Comparison of reset using 1R and 1T1R
By using 1T1R scheme to perform the reset, the reset voltage on the RRAM is typically higher
than that when using 1R scheme, because the RRAM and the on-state MoS2 FET forms a voltage
divider. Applying high voltage during RRAM reset in 1R scheme could result in the device failure
due to hard breakdown of the dielectric layer, and become conductive again, as shown in
Supplementary Fig. 6a. By using the 1T1R scheme, the MoS2 FET sets the current compliance of
the RRAM, thus limits the current supplied to the RRAM and prevents the electrical breakdown
at large voltages [S6]. As shown in Supplementary Fig. 6b, when using 1T1R scheme, although
the voltage sweeps to -3.2 V using 1T1R scheme, and the voltage drops almost totally on the
RRAM, the RRAM remains in the high resistance state (HRS). While for the 1R scheme in
Supplementary Fig. 6a, the RRAM already fails when the voltage sweeps to -2.8 V. Such property
of 1T1R driving scheme helps the RRAM to achieve higher HRS resistances, which results in a
higher R-ratio of the TCAM cell. To obtain higher resistance in HRS and larger R-ratio, we
program the RRAMs in Fig. 3 using a slightly higher reset voltage than that in Fig. 2e.
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Supplementary Fig. 6. Measurements of RRAMs at high reset voltages using 1R and 1T1R
schemes. a, 1R scheme. b, 1T1R scheme.
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Supplementary Note 5. Optimization of the MoS2 FETs for TCAM integration
We use a relatively large top gate voltage (|VTG|) of 15 to 20 V to operate the TCAM, as shown in
Fig. 3. This is because the MoS2 transistors are integrated with the RRAMs, so to successfully
program the RRAMs in the 2T2R TCAM cells without breakdown of the gate dielectric, the MoS2
cannot be considered alone. Admittedly, if we only consider the MoS2 transistors, it is possible to
decrease VTG by using thinner high-κ dielectric material. We have experimentally demonstrated
switching on at 2 V and switching off at -2 V, with on/off ratio of ~ 106 (Supplementary Fig. 7a),
for a top-gated MoS2 FET with 5 nm HfOx as gate dielectric. Similar low voltage operation has
also been achieved in other work with thin gate dielectrics [S3,S7]. However, these types of
transistors are not suitable for our 2T2R TCAM cell because the programming of the TCAM cell
induces high voltage between the gate dielectric, which could result in dielectric breakdown.
Such high voltage during TCAM cell programming is illustrated by the example in
Supplementary Fig. 7b. When programming RRAM1 in the 2T2R TCAM cell, we turn on FET1
in series with RRAM1, and turn off FET2 in series with RRAM2. We ground S and apply the
programming voltage to the top electrode (TE) of the RRAMs. If RRAM2 is in LRS, then the offstate resistance of FET2 should be much larger than the LRS resistance of RRAM2, so almost all
the voltage drop is on FET2, and VD2 ≈ VTE. Then the voltage drop across the top gate dielectric
of FET2 is VGD ≈ VTG2-VTE. Since FET2 is off, we have VTG2 < VT, where VT is the threshold
voltage. If the MoS2 transistor characteristic in Supplementary Fig. 7a is used, and VTG2 = -2 V,
then we get a large |VGD| on FET2 when we perform the forming process on RRAM1, where VTE
is up to 5 V, and |VGD| ≈ 7 V. This results in a field (14 MV/cm) higher than the breakdown field
of HfOx, which is ~ 7.5 MV/cm from our measured data in Supplementary Fig. 3b.

ID (A)

10μ
100n
1n
10p

VDS=0.1 V
VBG=0 V
w=50 m

-2 -1 0
1
2
Top gate voltage, VTG-S (V)

b

VTE
RRAM2

1m

RRAM1

a

Programming RRAM1
FET1
On

VD1

FET2
Off
S

VTG1>0

VD2≈VTE
VTG2<0

Supplementary Fig. 7. Optimization of the top gate operating voltage. a, Measurement of the
ID – VTG-S curve of a top-gated MoS2 transistor with 5 nm HfOx as top gate dielectric, showing
switching at ±2 V, with a grounded source (S). b, Equivalent circuit for programming RRAM1 in
the 2T2R TCAM cell.
To avoid dielectric breakdown, we use a thicker top gate dielectric in this study (5 nm HfOx
and 22 nm Al2O3). The dielectric is thick enough to sustain the highest voltage during the RRAM
programming, which results in relatively large top gate voltages required to operate the MoS2
transistors (15 – 20 V). To ensure good gating of the MoS2 transistors during the programming or
read of the TCAM cells, the Si back gate can also be used to assist in switching the MoS2 transistors
with high on/off ratio. To explore the possibility of scaling down VTG, we have also fabricated
FETs with 5 nm HfOx and 12 nm Al2O3 as the top gate dielectric, and |VTG| reduces to 8 – 10 V
(Supplementary Fig. 8). With better quality HfOx, AlOx, or ZrOx possessing large dielectric
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constants and high breakdown fields, thicker dielectrics can be used to maintain a similar
equivalent oxide thickness (EOT), and we envision further scaling down of |VTG| to ~ 5 V.
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Supplementary Note 6. Measurement results of additional TMD-TCAM cells
We show the measurement results on other representative TMD-TCAM cells in Supplementary
Figs. 8 and 9. In Supplementary Fig. 8, we experimentally demonstrate the measurements on the
TMD-TCAM cell 2 whose top gate voltage has been decreased to ±10 V, because we use thinner
gate dielectric (5 nm HfOx and 12 nm Al2O3) compared to the TMD-TCAM cell 1 in Fig. 3. This
TCAM cell still shows a large R-ratio of 3.6×104, which is at least 2 orders of magnitude higher
than previous TCAMs based on emerging memories (R-ratio ~ 100). We have also demonstrated
measurement results on two other TMD-TCAM cells (cell 3 and 4) in Supplementary Fig. 9, which
show that our technique can be realized in multiple devices.

TMD-TCAM cell 2

a

c

Current (A)

b

TCAM resistance ()

100M

1m
10μ
100n
1n

Reset:
Right RRAM

Match
10M
1M
100k

-2

-1

Set:
Left RRAM
0

1

Rmatch/Rmismatch~3.6104

10k
Mismatch
1k

10p
-3

Stored data bit "0"
VTG=10V

0

10

20

30

40

50

Read cycle

2

Voltage (V)

Supplementary Fig. 8. Measurements on a TCAM cell (TMD-TCAM cell 2), where the MoS2
FETs have 5 nm HfOx and 12 nm Al2O3 as top gate dielectric, and with channel width of 100
µm. a, Optical image of the device. Scale bar: 100 µm. b, Programming of the RRAM on the left
(set) and the RRAM on the right (reset), resulting in a stored bit “0”. c, Repeated quasi-DC reading
for 50 cycles of the TCAM cell resistance, for both match and mismatch states.
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TMD-TCAM cell 3
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Supplementary Fig. 9. Measurements on other two TCAM cells (TMD-TCAM cell 3 and 4).
a – b, Experimental data for TMD-TCAM cell 3, showing (a) programming of the RRAMs, and
(b) measurements of the TCAM cell resistances in match and mismatch states. c – d, Experimental
data for TMD-TCAM cell 4, showing (c) programming of the RRAMs, and (d) measurements of
the TCAM cell resistances in match and mismatch states.
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Supplementary Note 7. HSPICE simulation setup
Supplementary Table 1. Key parameters used in the HSPICE simulations
Value

Unit

Median LRS

3.5

k

Median HRS

15

M

Technology node

90

nm

VDD

1.0

V

Wire resistance

1.0

/unit

Clock

5

ns

Rise/fall time

0.1

ns

Duty cycle

1/2

N/A

1, 2

N/A

4

N/A

NMOS W/L in
SenseAmp
PMOS W/L in
SenseAmp
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Notes
Measured from CAM cells
(transistor variations included)
Measured from CAM cells
(transistor variations included)

Frequency = 200 MHz

5-T sense-and-latch (SAL) design
[S8]
5-T sense-and-latch (SAL) design
[S8]

Supplementary Note 8. Calculation of the TCAM sense margin
We calculate the resistance-based sense margin (RBSM) of the TCAM based on the R-ratio of the
individual TCM cells, by using (R-ratio)/n + (n-1)/n, where n is the word length on each match
line (ML), without considering the wire resistance and bit “X”. In general, increasing the off-state
resistance of the transistor (RT,off) and the high-resistance state (HRS) resistance of the RRAM
(RHRS) are very effective for increasing the RBSM (Supplementary Fig. 10a). We limit RT,off to be
in the range of 106 to 1011 Ω, much larger than the RHRS, because the MoS2 FETs have very low
leakage. When RT,off is much larger than RHRS, the RBSM is dominated by RHRS. Lower resistance
in the mismatch state of the TCAM cells (Rmismatch) also helps achieve large RBSM, while typically
there is limited range to change Rmismatch compared with the match state resistance of the TCAM
cells (Rmatch), and we assume that Rmismatch is in the range of 102 to 105 Ω (Supplementary Fig. 10b).
10

a 10

b

RBSM

Rmismatch ()

RHRS ()

109
108
107
106

105

104

103

RBSM

105 6
10 107 108 109 1010 1011

102 5
10 106 107 108 109 1010

RT,Off ()

Rmatch ()

Supplementary Fig. 10. Calculated RBSM in color scale. a, RBSM with varying RT,off and
RHRS, for a TCAM array with 1,024-bit word length, and assuming that Rmismatch = 10 kΩ. b, RBSM
with varying Rmatch and Rmismatch, for a TCAM array with 1,024-bit word length.
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Supplementary Note 9. Search latency and energy/bit obtained through simulations
Using voltage-based sense margin (VBSM), we simulate the ML development (i.e., discharging)
behaviors during search operations (corresponding to all-match and 1-bit-mismatch states), as
shown in Fig. 5c, using the HSPICE parameters listed in Supplementary Table 1. During the
discharging, the voltage gap between all-match and 1-bit-mismatch states gradually increases with
time, until the sense amplifier (SA) margin and sensing voltage are reached to get the correct digital
outputs. We show that a search time of 1.25 ns can be achieved in our TCAM with word length
of 128 bits, without intentionally tuning the circuit design to achieve even faster speeds. We do
not optimize the latency in this work because: (1) larger word length achieved through high on/off
ratio of our TMD-TCAM cells naturally enables higher searching throughput, which is more
critical than the latency itself; (2) pure circuit optimization for TCAM is not the focus of this work.

Supplementary Fig. 11. Simulated energy consumption (energy/bit per search operation) for
1-bit-mismatch and all-mismatch states, assuming R-ratio of 1000 or 100.
Effective energy/bit per search operation is also simulated and benchmarked against state-ofthe-art TCAM designs based on static random-access memories (SRAMs) [S9], RRAMs [S10],
and magnetic tunnel junctions (MTJs) [S11]. In our simulation, we estimate the search energy/bit
under two situations: 1-bit-mismatch, and all-mismatch states (Supplementary Fig. 11). For the 1bit-mismatch state, we show that for the TMD-TCAM design, what comes together with higher
searching capacity is the search energy efficiency. With increasing word length, the total energy
consumption increases, but the effective search energy/bit gradually decreases. This is due to the
fact that the increase in the searching capacity (i.e., possible word length per match line) is ‘faster’
than the increase in the dynamic and static energy consumption (longer wires and more leakage).
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Specifically, by using R-ratio of ~ 1000, most of the TCAM cells in the match state do not
contribute much to the leakage, whereas the mismatch-state cell pulls down the match line voltage
during search and dominates the leakage. Thus with an increasing word length, there will be more
match-state cells on the ML, but the total leakage will not increase much, and the search energy/bit
will decrease. In this case, high throughput and improved energy efficiency can be achieved
simultaneously. If we use a hypothetical TCAM cell with R-ratio of only ~ 100 (by lowering the
high resistance state values of the experimental data) while still using the 1-bit-mismatch state,
similar trend is observed, with decreasing search energy/bit for longer word length, but with higher
search energy than the case for R-ratio ~ 1000. For R-ratio ~ 100, we can only simulate to word
length of 256 bits, because at larger word length there will not be enough sense margin, which
limits the search throughput.
We also perform simulations for the all-mismatch state, representing a sole increase in leakage
cells with larger word length. Results in Supplementary Fig. 11 show that at some point the
effective search energy/bit will increase for larger TCAM arrays. We perform simulations for both
R-ratio ~ 1000 an R-ratio ~ 100, and the results are almost identical, because the mismatch-state
resistances are very similar. While we show comparison with other work, this only applies to
specific conditions, and it is hard to accurately compare the energy consumption among different
works in general, because of the difference in technology nodes, and the difference between
simulation results and experimental results.
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Supplementary Note 10. Discussions on the scaling of MoS2 FETs and TMD-TCAM cells
With further improvements in making low-resistance contacts [S12] to MoS2 and more reliable
gating or doping schemes of MoS2 FETs, we expect that the TCAM cell size can be further scaled
down, and the 2T2R TCAM with a large search capacity can be produced in a large scale.
Experimentally, monolayer MoS2 FETs with 10 nm self-aligned top gates showing onset of
ballistic transport [S3], and bilayer MoS2 FETs with 1 nm carbon nanotube as the gate showing 65
mV/dec subthreshold swing and on/off ratio of 106 [S7] have been demonstrated. Although there
are still challenges to mass-produce these devices with uniform performance and high yield, these
scaled MoS2 FETs are promising for integration with RRAMs in large scale after further
optimization. As reported in the simulation and model in [S13], monolayer MoS2 transistors with
5 nm gate lengths show performance comparable to the International Technology Roadmap for
Semiconductors (ITRS) 2026 requirement for low operating power applications. The large
bandgap and large effective mass of the monolayer MoS2 can help block the direct tunneling
current at 5 nm gate length. Other simulations also show the promise for 1L MoS2 FETs to scale
below 10 nm [S14,S15].
A very important characteristic in the integrated TCAM is that the scaling of transistors is linked
to the requirement of programming the RRAMs. We design the W/L of the MoS2 transistors in
this manuscript to provide enough drive currents to program the RRAMs, and the W/L can be
further scaled down when the programming currents of the RRAMs are reduced. When scaled
transistors and scaled RRAMs are integrated together, the TCAM size can also be scaled down.
We further compare the cell sizes of the TMD-TCAMs and TCAMs based on other memory
technologies, as shown in Supplementary Table 2. Although the current TMD-TCAM cell is
relatively large, it can be significantly scaled down when using more advanced patterning
technology, and we show the projected cell size based on our 2T2R design. All the designs are
based on 90 nm CMOS technology node, and the contacted gate pitch is assumed to be 260 nm
[S16]. The RRAM is assumed to scale down to 4 F2 [S17], and the transistor has width of 5 F to
ensure enough drive current, so the total TMD-TCAM cell size will be around 50 F2, where F is
the feature size of the lithography. The cell size can be further reduced to around 40 F2 when the
RRAMs are directly integrated above the MoS2 transistors.

15 of 18

Supplementary Table 2. Summary of the TCAM cell sizes based on different designs, at the
90 nm technology node.
Reference

Memory

TCAM cell design

device

TCAM cell size

TCAM cell size

(F2)

(µm2)

S18

SRAM

N.A.

560

4.54

S11

MTJ

4T-2MTJ

388

3.14

S19

RRAM

3T1R

194 (logic rule)

1.57 (logic rule)

107 (SRAM rule)

0.87 (SRAM rule)

2T2PCM

50

0.41

2T2R

50 (design)

0.41 (design)

S20

Phase
change
memory
(PCM)

This

RRAM

technology
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