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HYBRID MEMRISTOR/FIELD-EFFECT TRANSISTOR MEMORY CELL AND ITS
INFORMATION ENCODING SCHEME

CROSS-REFERENCE TO RELATED APPLICATIONS

[0001] This patent application claims the benefit of U.S. Provisional Patent Application
No. 62/604,905, filed July 26, 2017, which is incorporated by reference.

BACKGROUND

[0002] In the search for the next generation of high-density, low-power, and high-
performance memories, the memristor, a non-volatile memory (NVM) technology, stands
out. The memristor is potentially superior to other NVM technologies due to the following
three attributes: (1) the memristor’s filamentary nature makes it virtually insensitive to the
device’s size, 1.e. its size can be shrunk without degrading its memory properties, such as
retention, switching time and ON/OFF ratio; (2) its highly non-linear switching dynamics
allows elimination of an access element, e.g. a transistor, from the memory cell, which is
beneficial for reducing the memory cell’s complexity and size, since the access element
usually dominates its overall size; and (3) a memristor has a simple metal-insulator-metal
(MIM) structure. The combination of the second and third attributes makes it feasible to
organize memristive devices in a resistive random-access memory (ReRAM) crossbar array
in which a memristor is formed at each cross-point of the crossbar array.

[0003] These same attributes that make memristor technology potentially superior, are
also the sources of its biggest limitations. Namely, the filamentary nature of memristors
leads to large device to device (D2D) and cycle to cycle (C2C) variations, and the use of a
crossbar array gives rise to the sneak-path problem.

[0004] The D2D and C2C variations are memory reliability issues that are caused by
stochastic switching dynamics of memristors. They impose design constraints on peripheral
memory circuitry, since the peripheral memory circuity should be designed to accommodate
for the worst-case scenario, and furthermore, they determine the endurance of the memory.

Conventional techniques for tackling the D2D and C2C variations of memristors include
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improving memristor device structure, exploiting the voltage divider effects of a series
resistor acting as a current compliance (CC), using an active feedback programming scheme,
or by hybrid methods that combine an active feedback with CC techniques. These techniques
are either too complex for main memory applications, as for the case of active feedback
techniques, or still inadequate. In either case, a viable system-level solution to effectively
handle the memristor’s D2D and C2C variations is still elusive.

[0005] The sneak-path problem is a limitation resulting from the undesired effect of
current consumption for partially selected memory cells. Partial selection occurs when a
memory cell’s neighboring cell is accessed. This problem may result in not only incorrect
read operations, but also in highly inefficient read and write operations (< 1%) in terms of
energy consumption. The efforts of addressing the sneak-path problem range from including
bulky active access elements, such as transistors, in the memory cell (known as the ITIR
architecture), to the insertion of strongly nonlinear two-terminal selectors in series with the
memristor cells. Another idea of achieving cell selectivity is the use of the complementary
resistive switch or CRS. While the CRS is a material-independent approach, unlike the other
solutions that require specially crafted materials, its readout scheme is destructive and a
restoring write operation is required after each read. By requiring a restoring write operation,
complexity of the peripheral circuitry is increased, and in effect, read power, read bandwidth,

and endurance of the memristor cells are negatively affected.

SUMMARY

[0006] An embodiment of the disclosure provides a ReRAM comprising a hybrid
memory cell, wherein the hybrid memory cell comprises: (a) a left resistance-switching
device comprising a first terminal and a second terminal, (b) a right resistance-switching
device comprising a first terminal and a second terminal, wherein the first terminal of the
right resistance-switching device is connected to the first terminal of the left resistance-
switching device at an internal node, and (c) a transistor comprising a source terminal, a drain
terminal, and a gate terminal, wherein the drain terminal of the transistor is connected to the

left resistance-switching device and the right resistance-switching device at the internal node.
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[0007] An embodiment of the disclosure provides a method for programming a hybrid
memory cell of a ReRAM. The method includes: (a) applying a write voltage between a
second terminal of a left resistance-switching device and a second terminal of a right
resistance-switching device, wherein a first terminal of the left resistance-switching device is
connected to a first terminal of the right resistance-switching device at an internal node; and
(b) removing the write voltage after a predetermined time; wherein the hybrid memory cell
comprises the left resistance-switching device, the right resistance-switching device, and a
transistor.

[0008] An embodiment of the disclosure provides a method for determining a logic level
of a hybrid memory cell of a ReRAM. The method includes: (a) applying a read voltage
between a second terminal of a left resistance-switching device and a second terminal of a
right resistance-switching device, wherein a first terminal of the left resistance-switching
device is connected to a first terminal of the right resistance-switching device at an internal
node; (b) applying a voltage bias at a gate of a transistor, wherein the drain of the transistor is
connected to the internal node; and (c¢) sensing voltage at the internal node via the source of
the transistor; wherein the hybrid memory cell comprises the left resistance-switching device

2

the right resistance-switching device, and the transistor.

BRIEF DESCRIPTION OF THE DRAWINGS

[0009] FIG. 1 illustrates: (a) current-voltage characteristics for a bipolar memristor
according to an embodiment of the disclosure; (b) a symbol and simplified structure of a
memristor according to an embodiment of the disclosure; and (c) a crossbar array of ReRAM
cells according to an embodiment of the disclosure;

[0010] FIG. 2 illustrates: (a) data results showing evolution of saturation current of
several minimum-sized transistor types as a function of technology node; and (b) data results
showing footprint of a transistor in units of number of minimum-sized transistors for
supplying peak currents in the range of 200 pA to 2000 uA as a function of technology node
ina 1T1IR ReRAM array;

[0011] FIG. 3 illustrates a ReRAM memory architecture according to an embodiment of

the disclosure;
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[0012] FIG. 4 illustrates: (a) a top layout view of ReRAM cells according to an
embodiment of the disclosure; and (b) a cross-sectional layout view of a part of the layout in
part (a) of FIG. 4;

[0013] FIG. 5 shows measurement results for an experiment conducted according to an
embodiment of the disclosure;

[0014] FIG. 6 shows measurement results for another experiment conducted according to
an embodiment of the disclosure;

[0015] FIG. 7 illustrates modeling results of error probability between voltage-based
encoding according to embodiments of the disclosure and current-based encoding;

[0016] FIG. 8 illustrates the effect of error correcting code on codeword error probability
according to an embodiment of the disclosure;

[0017] FIG. 9 illustrates simulation results of voltage-based encoding in a ReRAM
memory according to an embodiment of the disclosure; and

[0018] FIG. 10 illustrates: (a) example distributions of low resistance state of a
memristor, high resistance state of a memristor, and ON resistance of a minimum-sized
transistor; (b) set and reset threshold distributions; (¢) I-V curves of 1000 cycles of a
simplified memristive model following the distributions illustrated in parts (a) and (b); and

(d) simulation results of write-assist according to an embodiment of the disclosure.

DETAILED DESCRIPTION

[0019] Embodiments of the disclosure provide a resistive random-access memory
(ReRAM) architecture based on a hybrid memory cell (a H3 cell) comprised of two
memristive devices and an access transistor. In an embodiment, the access transistor may be a
minimum-sized transistor (mT), where the mT is a transistor with the smallest dimensions
that can be manufactured in a chosen transistor technology. A minimum-sized transistor may
be, for example, a minimum-sized field-effect transistor (mFET). The H3 cell provides
several advantages, including, e.g., effectively taking advantage of the scaling potential of
both memristor and transistor technologies. The two memristive devices or memristors in an
H3 cell are connected in series to form a voltage divider, so the ratio of their resistances is

used to store information, rather than using absolute resistance values as traditionally done in

4
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ReRAM-based memories. The mT in an H3 cell, connected to the mid-point between the two
series-connected memristors, can be used to read the state of the H3 cell without destroying
the content stored in the H3 cell, i.e., no restoring write is required. The mT can also be used
as a current compliance to assist the electroforming and set operations of the ReRAM cells.
The ReRAM architecture according to some embodiments also solves the sneak-path
problem by keeping at least one of memristors in an H3 cell in a high resistance state.
Compared to the traditional current-sensing-based approach for memory read of ReRAM
cells, the ratio-based voltage sensing scheme is more robust and less prone to the large device
to device (D2D) and cycle to cycle (C2C) variations of memristive devices. Furthermore,
architectural solutions according to some embodiments addressing the D2D and C2C
variations are orthogonal and complementary to any improvements made at the memristor
device-level.

[0020] In the disclosure, the term ‘memristors’ may be used to refer to resistance-
switching devices, and the term ‘ReRAM’ may be used to refer to resistance-switching
devices used as memory elements. Also in the disclosure, mT may be used to refer to a
minimum-sized transistor, but it is to be understood that the H3 cell can operate with
transistor sizes sized larger than a minimum-sized transistor. A generic structure of a
memristor is a stack of two electrodes sandwiching a thin layer of insulating material. As
fabricated, a memristor typically exhibits a very high resistance across its two terminals in an
unformed state. An initial one-time electroforming step is usually performed after
fabrication. The electroforming process includes applying a voltage or current sweep across
the device until a soft breakdown of the thin insulating layer occurs, creating a conductive
filament and leaving the memristor in a low resistance or ON state. A device in this
condition is considered formed. The process of changing the memristor from an ON state
back to a high resistance, or OFF, state is called a reset operation, and it is characterized by
the partial destruction of the conductive filament, which increases the memristor’s resistance.
The process of changing the memristor from an OFF to ON state is called a set operation, in
which the conductive filament is created again, decreasing the resistance of the device.
Depending on the material stack used in the memristor, and in its electroforming procedure, a

bipolar or unipolar operation can be observed. A bipolar memristor utilizes positive voltages
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to set the device and negative voltages to reset it, whereas for a unipolar device, both set and
reset operations can be performed with the same voltage polarity. Bipolar devices are
generally preferred as they have a tendency to utilize smaller reset currents compared to
unipolar devices.

[0021] Part (a) of FIG. 1 illustrates a typical pinched hysteresis loop in the current versus
voltage (I-V) plot of a TiOx-based bipolar memristor according to an embodiment of the
disclosure. For the device in part (a) of FIG. 1, the set operation occurs with a voltage of
around 1 V. The reset operation starts with a voltage of around -0.9 V and finishes at around -
1.3 V. Note that whereas the set operation is abrupt, the reset operation is gradual. Set
threshold voltage 110 and reset threshold voltage 108 can be defined based on I-V
characteristics of part (a) of FIG. 1. The gradual evolution of the reset operation can be
exploited to encode multiple memory levels on a memory cell. The state of a memristor is
determined by either applying a known voltage and sensing a current, or vice versa. In a
current-based sensing approach, a low voltage, e.g., in the range of -0.2 Vand 0.2 V is
applied, and the resulting current is sensed and compared with a reference current. A current-
based sensing approach is one way of determining a memory cell’s state in ReRAM-based
memories.

[0022] Part (b) of FIG. 1 illustrates a structure and representation of an individual
ReRAM cell, and part (c) of FIG. 1 illustrates a ReRAM crossbar architecture. An array of
memristors can be constructed based on the crossbar architecture. A crossbar of memristors
is formed by two perpendicular layers of parallel wires, top electrodes 104 and bottom
electrodes 106, with a thin layer of switching material 112 deposited in between. The
ReRAM crossbar architecture can achieve a very high memory density. When both the wires
and spaces between wires are of width F, the memory cell has a size 4F%. This is called the
1TnR architecture as for every wire there are n ReRAM devices involved and 1 transistor at
the end of the line to access it. To access a device in a 1TnR array, a high potential is applied
to its row, and a low potential to its column, or vice versa. The resulting current flowing
through the ReRAM cell either indicates the state of the cell (for a read) or is the current
needed to change the state of the cell (for a set or reset). Without a strong nonlinear

characteristic in the I-V curves of each cross-point, there will be several ‘sneak paths’
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between the higher potential wire and the lower potential wire. This is referred to as the
sneak-path problem. Collectively, all currents flowing through these sneak paths are added to
the current through the target cross-point, which can reduce the read margin and significantly
increase power consumption of the read and write operations.

[0023] The sneak-path problem can be solved by including an access transistor for each
ReRAM cell (1T1R architecture). However, the driving current of a minimum-sized
transistor may not be enough to meet the peak current requirements of ReRAM cells,
especially during the reset operation. For yield and reliability reasons, the ‘peak current’ is
not typically used as the write current, but rather the peak current is a conservatively large
current, as to accommodate for worst-case scenario under non-trivial process variations. As
shown in part (a) of FIG. 2 with data from Samsung® and IBM® devices, the driving current
of a minimum-sized transistor decreases with the technology downscaling, regardless of the
transistor type. In part (b) FIG. 2, using the FinFET technology, a 1T1R array has to pair a
transistor that is >10x bigger than a minimum-sized transistor with each memristor, thus
annulling the scaling potential of ReRAM.

[0024] Other approaches to the sneak-path problem include the insertion of a strongly
nonlinear two-terminal selector in series with each memristor to form a ReRAM cell. Such a
selector can be directly engineered into an integrated ReRAM cell or can be a discrete device,
such as a threshold switch or with copper-containing mixed ionic-electronic conducting
(MIEC) materials. Yet another alternative to solving the sneak-path problem is the use of a
complementary resistive switch or CRS. The CRS is a two-terminal device formed by two
anti-serially connected bipolar memristors. Unlike a memristor whose information is encoded
as an electrical resistance (HIGH or LOW) across its terminals, a CRS stores binary
information as the internal configuration of their two memristors, with one logic state
encoded as HIGH/LOW and the other encoded as LOW/HIGH. By keeping at least one
memristor in a high resistance state, both configurations in a CRS have a high resistance,
effectively blocking the sneak paths. Unfortunately, as previously mentioned, the CRS
readout is destructive, which negatively affects the performance and endurance of the

memory.
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[0025] As discussed earlier, memristors suffer from device to device (D2D) and cycle to
cycle (C2C) variations. The D2D variations are due to process variations from
manufacturing processes of memristors, but D2D variations are exacerbated by stochasticity
of the initial electroforming step of the memristors. Electroforming is a positive-feedback
process that is hard to control, but inherently affects many resulting properties of a formed
memristor device, such as performance, variability, and endurance. Once formed, a device
also suffers from C2C variations due to stochasticity associated with formation and
destruction of the conductive filament during the regular set and reset cycles. Ultimately, the
D2D and C2C variations determine a memristor’s endurance, that is, the maximum number
of cycles the memristor can be reliably cycled, since the memristor’s ON/OFF window tends
to slowly narrow throughout its lifetime. The narrowing of the ON/OFF window can be
attributed to degradation of the ON state, the OFF state, or both.

[0026] Both D2D and C2C variations have been independently tackled via device
improvement and by using a current compliance (CC) to control the rapid formation of the
conductive filament during the set and electroforming operations. The degree of success of
using a CC depends on the response time of the CC and on its close proximity to the
memristor. A field-effect transistor (FET) that is in close proximity to a memristor, as in a
ITIR memory cell, is one way to enforce local CC during the electroforming and set
operations. Silicon-based FETs have advantages of being fast, exhibiting very low OFF
leakage, and being amenable to aggressive downscaling. Furthermore, silicon-based FETs
can be mass-produced with very high yield and reliability. Unfortunately, as explained
above, the size of the FET is significantly larger than the size of the memristor, annulling the
scaling potential of ReRAM.

[0027] Embodiments of the disclosure provide a material-independent architectural
solution to the sneak-path problem and D2D and C2C variations. The architectural solution
is a 6F* hybrid ReRAM memory cell, referred to as an H3 cell, comprising two memristors
and a minimum-sized transistor, referred to as an mT. The mT can be any type of electrically
controlled switch, e.g., a bipolar transistor or any transistor in the FET family (e.g. metal-
oxide-semiconductor field effect transistor (MOSFET), thin-film, FinFET, carbon nanotube,

and so on). The H3 cell can use an information encoding scheme that stores state of the H3



WO 2019/019920 PCT/CN2018/095297

cell as a ratio of the two memristors’ resistances, instead of an absolute value of the two
memristors’ resistances. Additionally, the H3 cell enables a sneak-path-free memory
architecture with a non-destructive readout.

[0028] The prevailing conventional ReRAM architecture, the 1T1R, has been
successfully used to reduce the variability of ReRAM by using the transistor in a 1T1R cell as
a current compliance. However, in spite of the aggressive downscaling for silicon-based
FETs, the transistor in a 1T1R cell needs to be significantly larger (>10x) than a minimum-
sized transistor, as it needs to drive enough current to write into the ReRAM cell, which thus
dominates the overall size of a 1T1R cell, annulling the scaling potential of ReRAM.

[0029] Embodiments of the disclosure provide a hybrid transistor-memristor memory
cell, an H3 cell, that harnesses the scaling potential of both transistor and memristor
technologies. The H3 cell is advantageous over the 1T1R cell since the H3 cell can be
constructed using a minimum-sized transistor. The minimum-sized transistor of the H3 cell
is not used to write into the ReRAM cell but simply to pass a voltage during a read. The H3
cell, however, enjoys benefits of 1T1R memory cells, namely being sneak-path-free, the
transistor in the cell can be used as a current compliance to assist the electroforming and set
operations of the memristors, and the transistor in the cell can be used to reduce the
probability of erroneous write operations. In some embodiments, a set or a reset operation is
considered a write operation. Furthermore, in contrast to a CRS-based memory cell, the read
operation of an H3 cell is non-destructive. In some embodiments, using a voltage-based ratio
encoding for H3 cells results in much sharper logic ‘1° and logic ‘0’ state distributions
compared to traditional current-based approaches for determining the state of a ReRAM cell,
and is much less sensitive to changes of the memristors’ resistances. Thus, a non-volatile
memory based on the H3 cell can overcome negative effects due to large variations in
memristors. The non-volatile memory based on the H3 cell can offer comparable
performance and memory densities of dynamic random access memory (DRAM), and thus,
can be an excellent option for highly integrated and persistent storage-class memories.
[0030] In an embodiment, a ReRAM memory can be organized as an array of memory
cells controlled by peripheral read and write circuitry via two sets of control lines: (1) word

lines and bit lines, and (2) enable lines and sense lines. FIG. 3 illustrates a memory
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architecture 300 including a 3x3 array of nine H3 cells, control lines, and supporting
peripheral circuitry, according to an embodiment of the disclosure. The H3 memory cell 314
includes two memristors, a left memristor 316 and a right memristor 318, and an mT 320.
The two memristors are anti-serially connected, as in a CRS cell, forming a three terminal
device with two external electrodes and one internal or shared electrode. The external
electrode on the left memristor 316 is connected to a single word line in the word lines 310,
and the external electrode of the right memristor 318 is connected to a single bit line in the bit
lines 306. The gate electrode of the mT 320 is connected to a single enable line in the enable
lines 312, the drain terminal of the mT 320 is directly connected to the internal (shared)
electrode of the memristors, and the source terminal of the mT 320 is connected to a single
sense line in the sense lines 308. Note that transistor source and drain terminals can be used
interchangeably where when one is identified as a source, the other is therefore the drain.
That is, the drain of mT 320 can be connected to a sense line and the source of mT 320
connected to the internal node shared by the left memristor 316 and the right memristor 318.
Word line and enable line drivers 302 are connected to the word lines 310 and enable lines
312 of the memory. Bit line and sense line drivers and high-impedance sense amplifiers 304
are connected to the bit lines 306 and the sense lines 308 of the memory.

[0031] Although, the H3 memory cell 314 in FIG. 3 uses an n-type transistor or an
NMOS device, H3 cells can be constructed with p-type transistors or PMOS devices in place
of the NMOS devices. NMOS devices are typically beneficial because they are smaller than
PMOS devices, and also when using the right polarity of the memristors, NMOS devices can
naturally help during electroforming, set and reset operations. For example, assume that the
memristors in an H3 cell are anti-serially connected and have a polarity such that a positive
voltage should be applied at the middle electrode (with respect to either external electrode) to
set and electroform a memristor (and a negative voltage to reset it). In such scenario, an
NMOS device is more advantageous since when passing a large positive voltage, the NMOS
will saturate and present a higher effective resistance, which is beneficial since the NMOS is
being used as a current compliance for the set and electroforming operations. During reset
operations, the NMOS will be able to inject more current since it will be used to pass a low

voltage. This same analysis can be made assuming that the memristors in an H3 cell have the
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opposite polarity to that previously discussed (i.e., a negative voltage needs to be applied at
the middle electrode with respect to the external electrodes in order to set and electroform). In
such scenario, a PMOS device would be preferred, as it will be more efficient passing higher
voltages rather than lower voltages.

[0032] An H3 cell stores binary information in a similar way as in a CRS cell. A logic
‘17 is encoded with the left memristor 316 in a high resistance state HRS, and the right
memristor 318 in a low resistance state LRS (a HRS|LRS configuration). Similarly, a logic
‘0’ 1s stored with the left memristor 316 in a LRS and the right memristor 318 in a HRS (a
LRSHRS configuration). The state of the H3 memory cell 314 is not determined using
CRS’s destructive readout scheme, which involves applying a large programming voltage and
inferring memory cell state based on the presence or absence of a static (or spike of) current.
Instead, the state of an H3 cell is determined based on the ratio of resistances of the left
memristor 316 and the right memristor 318, i1.e., the binary state of the H3 cell is based on
whether or not this resistance ratio is less than or greater than 1.

[0033] In an embodiment, the analog state of an H3 cell can be defined as the voltage
level at the internal (shared) electrode when a read voltage Viead 1s applied to the external
electrode of the left memristor 316 while grounding the external electrode of the right
memristor 318. The binary state of an H3 cell is simply determined by comparing its analog
state with a reference voltage Viead/2. The binary state of the H3 memory cell 314 can be
read by: (1) enabling the mT 320 (by asserting the corresponding enable line 312); (2)
applying a read voltage Viead (Which is small and non-destructive) across the left memristor
316 and the right memristor 318 (through the word line 310 and bit line 306); and (3) sensing
the voltage at the internal (shared) electrode (Vshared) with a high-impedance sense amplifier
304 at the end of the sense line 308. If Vshared > Vread/2, the binary value stored in the H3
memory cell 314 is logic ‘1°. Otherwise (i.€. Vshared < Vread/2), the binary value is logic ‘0.
This is a voltage-based sensing approach, in contrast to a traditional current-based sensing
approach, for ReRAM cells.

[0034] In an embodiment, an H3 cell can be constructed in a manner where the two
memristors of the H3 cell are not configured in an anti-serial connection, i.e., the two

memristors of the H3 cell can be configured in a serial connection. An anti-serial connection
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provides a convenient way of programming an H3 cell in a single step without requiring the
use of the mT, but if the devices are serially connected, the H3 cell can still be programmed,
but the mT has to be used in order to complete the write transitions. Two ways of
implementing the write operation are provided, based on whether or not the mT alone can
provide enough current to individually set and reset a memristor (i.e. asin a 1T1R cell).
[0035] If the mT can set and reset a memristor individually, logic ‘1° (HRS|LRS) is
written by applying a voltage of OV to the selected bit line and word line, and applying a
positive voltage V which is higher than max(|Va+|, |Vin-|) on the selected sense line. Vit 1s
the set threshold voltage and V- is the reset threshold voltage of the memristor. This
condition on the applied voltage ensures that the left memristor of the serially connected H3
cell selected is reset and the right memristor is set. Logic ‘0’ is written similarly applying a
voltage of —V in the sense line. All other unselected bit, word, sense and enable lines are
grounded (disabled for the enable lines).

[0036] If the mT cannot set and reset a memristor individually, then a two-step process is
taken. In each step, a voltage pulse is applied on the selected bit, word and sense lines. The
first step (step 1) of the two-step process programs the H3 cell into a HRS|HRS
configuration, and the second step (step 2) finishes the write operation into the desired state.
[0037] For example, logic ‘1’ can be programmed or written using the following two-step
process. In step 1, a voltage —V/2 is applied to the selected word line and +V/2 is applied to
the selected bit and sense lines, and the selected H3 cell is enabled by providing a bias to the
selected enable line. In step 2, the voltage applied to the selected bit line is changed from
+V/2 to —V/2. Logic ‘0’ can be programmed or written using the following two-step process.
In step 1, a voltage —V/2 is applied to the selected word and sense lines and +V/2 is applied to
the selected bit line, and the selected H3 cell is enabled by providing a bias to the selected
enable line. In step 2, the voltage applied to the selected word line is changed from —V/2 to
+V/2. In both cases above with respect to programming or writing logic ‘1’ and logic ‘0’,
during both step 1 and step 2, unselected word and bit lines are grounded, i.e., they have OV
applied to them. Unselected H3 cells are disabled, and unselected sense lines are

disconnected, i.e., they are left floating.
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[0038] Part (a) of FIG. 4 illustrates top view of a layout for 6F> H3 cells using CMOS
(complementary metal oxide semiconductor) technology according to an embodiment of the
disclosure. Part (b) of FIG. 4 illustrates a cross sectional view of the layout in part (a) of FIG.
4 along the line indicated by the A’ and A” labels. A 6F” H3 cell is identified with label 408
in part (a) of FIG. 4. Each H3 cell is built on two layers, a CMOS/FET layer 404 and a
memristor layer 402. Memristors for the H3 cells can be fabricated on a substrate 442. The
substrate 442 contains contact plugs 440 that electrically connect the CMOS/FET layer 404
to the memristor layer 402. In an embodiment, the contact plugs 440 are surrounded by
thermal oxide, such that substrate 442 represents the thermal oxide. That is, the CMOS layer
includes metallization layers (metal layer and interconnection vias). The contact plugs 440
are thus the top vias in the standard CMOS process. The contact plugs 440 are surrounded by
thermal oxide, which is planarized, e.g., with chemical mechanical polishing (CMP). On top
of this planar substrate, i.e., the thermal oxide, which has the exposed vias or plugs that are
connected all the way down to the CMOS/FET devices, is where the ReRAM layer is
monolithically fabricated.

[0039] The CMOS/FET layer 404 contains an array of minimum-sized field effect
transistors (mFETs) 404 as well as supporting CMOS peripheral circuitry for reading and
writing H3 cells of the memory. In an embodiment, memristor layer 402 can be
monolithically integrated on top of the CMOS/FET layer 404, and interfaced via the contact
plugs 440 to the source terminals of the mFETs 404. The layout in part (a) of FIG. 4 is
inspired by a typical slanted 6F layout for 1T1C (1-transistor 1-capacitor) DRAM. DRAM
arrays achieve high memory densities by packing minimum-sized transistors, and thus, in an
embodiment, a similar principle can be borrowed for an H3 cell-based memory. Using
DRAM’s notation, the layout in FIG. 4 is a capacitor over bit line (COB) DRAM layout, as
access to the source of the mFET is needed to contact the internal (shared) electrode of the
left and right memristors (shown as bottom electrodes 432). Bottom electrodes 432
electrically connect with the contact plugs 440, and the bottom electrodes 432 indicate
internal shared electrodes of left and right memristors in the H3 cells of part (b) of FIG. 4.
[0040] Following a standard ReRAM notation, a ReRAM cell is formed with a top
electrode and a bottom electrode. In part (b) of FIG. 4, top electrodes are indicated as labels
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430 and 434, and bottom electrodes are indicated with label 432. Also in part (b) of FIG. 4,
top electrode 434 is the top electrode indicating one terminal of the left memristor 438, and
top electrode 430 is the top electrode indicating one terminal of the right memristor 436. The
left memristor 438 and the right memristor 436 share the bottom electrode 432.

[0041] In an embodiment, turning to part (a) of FIG. 4, word lines 414 are used as top
electrodes for left memristors (i.e., word lines 414 in part (a) of FIG. 4 correspond to top
electrodes 434 in part (b) of FIG. 4), and bit lines are used as top electrodes for right
memristors (i.e., bit lines 406 correspond to top electrodes 430). The bottom electrodes (i.e.,
internal nodes and connection between left memristors and right memristors) is shown with
label 440, and in part (a) of FIG. 4 the contact plugs 440 connect directly to source contacts
420. The resistive switching material 426 in the memristors is shown between top and
bottom electrodes. Enable lines 416 connect to gates of the mFETs of the H3 cells, and
source lines 410 connect to the drains of the mFETs via drain contacts 424. Note that active
areas 418 indicate active areas on the CMOS/FET layer 404. Top metal pad contacts 412
provide access to the enable lines 416 on the CMOS/FET layer 404. Thermal oxide
depositions 428 electrically isolates top electrodes 434 and 430.

[0042]  Note that in contrast to the traditional crossbar architecture (refer to parts (b) and
(c) of FIG. 1) in which a memristor is formed at the crosspoint between a word line and a bit
line, in the layout of FIGS. 4, the left memristors and the right memristors are formed with
the top electrodes 434 and 430, respectively, and common bottom electrodes 432, whose size
is doubled, as the internal (shared) electrode of the H3 cells. Hence, word and bit lines are
isolated with thermal oxide 428 in part (b) of FIG. 4.

[0043] The left and right memristors in an H3 cell form a voltage divider. In an
embodiment where memristor ON/OFF ratios are sufficiently large, the sensed voltage at the
internal (shared) electrode will be very close to either the reference ground potential for logic
‘0’, or Vrad for logic ‘1’. Taking variations into account, encoding and reading the state of an
H3 cell as a voltage divider results in much narrower logic ‘0’ and ‘1’ state distributions than
directly using a memristor’s resistance as the state. Therefore, the signal margin for
separating logic ‘0’ and ‘1’ is significantly increased, and probability of error is substantially

reduced. A ratio-based encoding also eliminates some adverse effects related to an absolute
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value of a memristor’s resistance. In some embodiments, the absolute value of the
memristor’s resistance is taken into account when designing sense amplifiers at the end of the
sense lines. Higher resistances cause longer time to charge the sense lines and thus slow
down the read operation. The voltage reference signal (Vread/2) is determined solely by the
read voltage Vread, and not by the actual resistance of the memristors, as is the case for the
traditional current-sensing approach. Furthermore, such voltage reference does not need to
change with the aging of the memory, in contrast to the current-sensing approach’s needs to
cope with the memristor’s possible resistance drift due to aging and temperature variations.
Additionally, the state of an H3 cell is bounded between the 0 V and Viad range (compared to
an unbound memristor state that can be arbitrarily high or low), which can significantly
simplify design of the sensing circuitry.

[0044] The number of components in an H3 cell may create a misperception that an H3
cell will have a larger footprint than a ITIR cell, since an H3 cell can be viewed as a 1T2R
cell. However, note that the transistor in a ITIR cell is significantly larger than a minimum-
sized transistor so that the transistor in a IT1R can drive the necessary current to set and reset
a memristor (see part (b) of FIG. 2). On the other hand, the transistor in an H3 cell can be
minimum-sized, as it is only used to pass a voltage for the read operations. The current
required for the set and reset operations to write an H3 cell-based memory comes from larger
transistors located at the periphery of the memory array, as shown in FIG. 3. For this
attribute, a memory constructed with H3 cells is similar to a 1TnR crossbar, but with a more
robust and non-destructive readout scheme. Furthermore, an mT in an H3 cell can also assist
in electroforming of the memristors and in set operations. The mT, being physically close to
the memristors and having a relatively high resistance (e.g., >10 kQ), becomes a local CC
and helps reduce the effects caused by memristors’ C2C and D2D variations. Compared to a
traditional 4F? memristor crossbar, the H3 cell is more complex and 50% larger, however the
added benefits of the H3 cell, particularly by solving the sneak-path problem, justify the extra
complexity and area overhead.

[0045] Two experiments (E1 and E2) were constructed to compare performance of ratio-
based voltage sensing encoding to a traditional current-based approach. The results of

experiments E1 and E2 are summarized in FIGS. 5 and 6, respectively.
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[0046] E1 EXPERIMENT

[0047] The E1 experiment involved highlighting the extent of D2D and C2C variations of
memristors and reducing the effect caused by such variations using ratio-based encoding
according to embodiments of the disclosure. Three pairs of pristine (unformed) memristors
(D1, D2 and D3) were used in E1. Each pair included two anti-serially connected bipolar
memristors (D#A and D#B), corresponding to left and right memristors, respectively, in an
H3 cell. Physically, each pair was fabricated as a small 1x2 crossbar with two bottom
electrodes (B1 and B2) and one top or middle electrode (M), as schematically shown in the
inset in part (a) of FIG. 5. Experimental steps for E1 were as follows:

(1) Each memristor was individually electroformed by applying a quasi-static current sweep
of 5 nA at the M electrode, grounding the bottom electrode of the memristor being formed,
and leaving the other bottom electrode floating.

(2) Once formed, each memristor was individually reset with a negative voltage sweep of -
1.6V applied to the M electrode while grounding the bottom electrode of the memristor that
was being reset. The bottom electrode of the memristor not being reset was left floating.

(3) Then, each memristor was set and reset for four cycles with a voltage sweep of 1.6V for
set and -1.5V for reset, applied at the M electrode and grounding/floating the corresponding
bottom electrode. For the set operation an external CC of 1 mA was used.

(4) The memristors were cycled four additional times, but as a pair (D1, D2 and D3), by
applying a voltage sweep of 2V and -2V at the B1 electrode, grounding the B2 electrode, and
measuring the voltage at the M electrode.

[0048] FIG. 5 shows experimental results for E1 with part (a) showing results during
electroforming, part (b) showing results of first reset after electroforming, part (c) showing
four set/reset cycles using traditional current-based approach and zoomed-in view of the read
region, and part (d) showing four cycles using voltage-based approach according to an
embodiment of the disclosure and a zoomed-in view of the read region.

[0049] Part (a) of FIG. 5 shows the applied current and measured voltage at the M
electrode for each device during its electroforming step. All devices exhibited an initial high

resistance of 8 MQ at 1 V and began to form with a voltage of around 3 V.
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[0050] Part (b) of FIG. 5 shows voltage applied and current measured at the M electrode
for each memristor device during its first reset. Large ON/OFF ratios of at least 100 were
measured for all memristor devices. The D2D variations were evident in the distribution of
the OFF state and in the absolute resistance values for both ON and OFF states. Some
devices, e.g. D1B, required particularly large currents (= 2 mA) to reset. In memory
structures, supporting write circuitry would have to be designed to accommodate for such
worse case currents.

[0051] Part (c) of FIG. 5 and its inset show high degree of variations in the I-V plot
during regular set/reset cycles. Device D3 A for instance, had strong ON states (55-85 pA @
100 mV), others, e.g. D1B, exhibited weak ON states (15-25 pA @ 100 mV), and others, e.g.
D2B, showed tighter distributions on their ON state (43-47 pA @ 100 mV). Based on the
data from all six devices and four cycles, the mean value for the ON state is 40+20 nA @ 100
mV and the mean value for the OFF state is 0.53+0.18 pA @ 100 mV. While a threshold can
be identified to distinguish the two states for all six devices, the optimal threshold would be
device-dependent and likely deviate throughout the lifetime of the memory.

[0052] Part (d) of FIG. 5 and its inset show four cycles of sweeping the memristors as a
pair (D1, D2 and D3). Instead of using an I-V plot, the encoding uses a voltage-voltage (V-
V) plot, in which the x-axis is the applied voltage at the B1 electrode, and the y-axis is the
sensed voltage at the M electrode. As a visual cue, a black dashed line at y = x/2 is included
to indicate an ideal voltage threshold. Part (d) of FIG. 5 and its inset show that voltage-
based, ratio-based encoding according to an embodiment of the disclosure achieves much
tighter state distributions, in comparison with the traditional current-based approach of part
(c) of FIG. 5. Based on the data from all three memristor pairs and four cycles, the mean
value for the logic ‘1’ state is 95+1.3 mV at 100 mV, and the mean value for the logic 0’
state 1s 4.7+2.4 mV at 100 mV. The memristor devices used in part (d) of FIG. 5 were the
same devices as those used in part (c) of FIG. 5, and to minimize the effect of device
degradation/aging, the four V-V sweeps were conducted immediately after the four I-V
sweeps for each pair.

[0053] E2 EXPERIMENT
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[0054] No single set of write voltages (for set and reset) will be optimal for all
memristors in a memory system. Programming voltages being too low may result in partial
switching. Programming voltages being too high may end up with either excessively thick
filaments during sets, or the over-RESET problem during resets. A consequence of using a
fixed set or programming voltages is that some memristors, over their lifetime, may
accumulate errors in their state to the point of corrupting encoded data. The E2 experiment
involved demonstrating robustness of ratio-based sensing with respect to changes in the
ON/OFF ratio and absolute ON/OFF resistances throughout the lifetime of a memristor.
[0055] Another pair of memristors (devices D4A and D4B) with the same configuration,
same electroforming, and same initial reset, as described in experiment E1 was used. In
addition E2 further involved the following experimental steps:

(1) Independently set and reset D4A and D4B in batches of 20 cycles, with 10 ps voltage
pulses applied at their M electrode, while grounding the bottom electrode. No CC was
enforced. A pulse of 1.3 V was used for set, and -1.7 V for reset. After each set/reset pulse,
a read pulse of 100 mV was applied, and the current was measured and integrated for 1 ms.
(2) D4A and D4B were cycled again, but as a pair. 10 us voltage pulses of 2 V and -2 V
were applied at the B1 electrode, grounding the B2 electrode. After each pulse, a read pulse
of 100 mV was applied, and the voltage at the M electrode was measured and integrated for 1
ms.

(3) After each 20-cycle batch, visual assessment was performed to determine whether a
device’s window had started to close, and if so, a manual voltage-sweep was performed on
the device to bring restore its original window (i.e., a refresh operation was performed).
[0056] FIG. 6 shows experimental results for E2 with parts (a) and (b) illustrating
characteristic I-V plots for memristor devices D4A and D4B in linear and logarithmic scales,
respectively. Part (c) and (d) show evolution of devices D4A and D4B after 40 set/reset
cycles with a refresh performed at cycle 20. Part (e) illustrates results of 300 programming
cycles of D4A and D4B as a pair.

[0057] Memristor devices D4A and D4B were chosen due to the large discrepancy in
their I-V characteristics, as shown in parts (a) and (b) of FIG. 6 for linear and logarithmic

scales, respectively. Device D4A was found to have a particularly weak OFF state (1.7 pA at
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100 mV), which contrasted to the stronger OFF state of device D4B (0.28 pA at 100 mV).
The ON states for devices D4A and D4B were 57 pA at 100 mV and 94 pA at 100 mV,
respectively.

[0058] Parts (¢) and (d) of FIG. 6 show results of the evolution over 40 cycles of the
states of devices D4A and D4B, respectively. For both results, the devices were manually
refreshed after every 20-cycle batch. For device D4A, the OFF state started to gradually
degrade while the ON state displayed a large dispersion with a mean value of 73+25 pA at
100 mV. For device D4B, the gradual degradation occurred in the ON state, with a tighter
OFF state — a mean value of 0.95+0.34 pA at 100 mV. Assuming that a memristor’s state
was distributed in the range of 0 pA to 100 pA at 100 mV bias, a sense margin of 40% was
obtained for device D4B and a sense margin of 5% was obtained for device D4A.

[0059] Part (e) of FIG. 6 illustrates that voltage sensing ratio-based encoding is much less
sensitive to the changes exhibited by the memristor devices compared to the current-based
approach. Part (e) of FIG. 6 further illustrates that the number of cycles between refreshes
can be increased by a factor of 10x+. The state distributions of logic ‘1’ and ‘0’ were
significantly sharper (95+2.1 mV at 100 mV and 8.4+1.7 mV at 100 mV) and all values were
within 15-20% of the maximum and minimum ranges, leaving a decision margin of about 60-
70%, as shown in part (e) of FIG. 6.

[0060] Experiments E1 and E2 demonstrated robustness of ratio-based voltage sensing
encoding and its capacity to reduce effects of D2D and C2C variations of memristors.
Mathematical analysis and Monte Carlo simulation were performed to quantitatively estimate
increase in data reliability of an H3 cell, by calculating a cell’s error probability. The
intuition of why the error probability of a current-based approach is higher than that of a
voltage-based approach is that for a current-based approach, an error occurs if one of two
conditions is met: either the ON state is below the reference or the OFF state is above the
reference. For the voltage-based approach, an error occurs when the ON (i.e. low resistance)
state of one memristor becomes higher than the OFF (i.e. high resistance) state of the other
memristor, which is less likely to happen.

[0061] To simplify the mathematical analysis, assume that under all D2D and C2C

variations, the ON and OFF states of a memristor are normally distributed with mean pon and
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standard deviation con for the ON state and pofr and cotr for the OFF state. Using a current-
based sensing approach, Lon, Gon, [off and Gofr are all in units of current, and thus pon > Lot as
shown in the inset in part (a) of FIG. 7. Further assume that Xon and Xofr are two normally
distributed random variables described by [[Lon,Gon] and [ lofr,Gofr] respectively.

[0062] In the current-based approach, given a global, fixed reference Grer, Xon will be
correctly considered a logic ‘17 if Xon > Gret, and Xotr will be correctly considered a logic ‘0’
if Xoff < Grer. Let A be the event of incorrectly interpreting Xon as logic ‘0’, and B the event
of incorrectly interpreting Xosr as logic ‘1. For a traditional current-based approach, the

probability of A occurring can be expressed as:
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[0063] Assuming an equal probability for a cell to store logic ‘0 or logic ‘1°, the

probability of storing an erroneous logic value using a current-based approach (EPC) can be
calculated as:

EPC = 0.5 x P(4)+ 0.5 x P (B).
[0064] In a voltage-based approach, an H3 cell uses two memristors to encode
information. Assuming that variations of both memristors follow the same [[on, Gon] and
[1oft, ooff] parameters defined above, the probability of storing an erroneous logic ‘1’ will be
equivalent to the probability of storing a logic ‘0’. Regardless of the logic stored in an H3
cell, the state of one memristor will be given by Xon while the other will be given by Xosr.
Thus, an H3 cell will store an erroneous logic value if Xon < Xoff, and probability of this can
be determined by evaluating Xon — Xoff < 0. Since both Xon and Xosr are normally distributed,
their difference is also normally distributed. Therefore, the probability of an H3 cell storing

an erroneous logic value under a voltage-based approach (EPV) can be expressed as:
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[0065] To eliminate the Gret variable from the EPC, further assume that both ON and
OFF states have the same standard deviation (con = Goff = ), thus the optimal global reference
Grer of the current-based approach is (pon + potf)/2. Part (a) of FIG. 7 shows a numerical
example of relative performance of a voltage-based approach according to embodiments of
the disclosure compared to a current-based approach through a EPC/EPYV ratio. The expected
EPC/EPV ratio is plotted as a function of the ON/OFF ratio (pon/loff ratio) under various 6
values in the range of 3 to 7, for a base OFF state of potr = 5. Both pofr and ¢ are given in
arbitrary units. As shown in part (a) of FIG. 7, linear changes to both the ON/OFF ratio and
o result in super-exponential improvement in the error probability of the voltage-based
approach (EPV) compared to the current-based approach (EPC). FIG. 7 illustrates a
comparison of error probability between the voltage-based encoding and the current-based
approaches with part (a) of FIG. 7 assuming normally distributed ON and OFF states and part
(b) of FIG. 7 assuming log-normally distributed ON and OFF states.

[0066] In part (b) of FIG. 7, the estimated error probability for the current-based and
voltage-based approaches, based on Monte Carlo simulation using parameters for HfOx-based
memristor devices extracted from the experimental data. The ON and OFF resistance state
distributions can be described by a log-normal distribution. Since ON and OFF resistances
are being used in the log-normal distribution and ON resistance is less than OFF resistance
definitions of pon and posr change with pon > pofr in an error state. That is, it is expected that
an OFF state will have a “higher” resistance value than an ON state. Assume the mean value
for the ON state of 20 kQ with a normalized standard deviation (6/Ron) of 0.1, an ON/OFF
ratio in the range of 5 to 15, and a normalized standard deviation (6/Roff) in the range of 0.5
to 1.5. For each pair of ON/OFF ratio and o/Roft, a log-normal distribution for the ON and
OFF states is fit, and a Monte Carlo simulation was run for 1 billion set/reset cycles and the
error probability under a current-based and a voltage-based approach was computed.

[0067] As shown in part (b) of FIG. 7, a reduction of the normalized standard deviation
(o/Rofr) by 30% (from 0.7 to 0.5) reduces the error probability of a current-based approach by
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about 60%, but the same 30% reduction reduces error probability of the voltage-based
approach by a factor of 1000x (a gain of 16x). Similarly, an increase of the ON/OFF ratio by
150% (from 6 to 15) reduces the error probability of a current-based approach by 18x, but
reduces the error probability of the voltage based approach by 64X (a gain of 3.5x). Based
on the experimental data, the ratio-based voltage-sensing encoding scheme can reduce the
error probability by up to two orders of magnitude, in comparison with the current-based
approach.

[0068] Error probability numbers can be further reduced using error correcting schemes.
As shown in part (a) of FIG. 8, assuming a codeword of 64 bits, the codeword error
probability on a current-based approach is no better than 1073, whereas the voltage-based
approach according to some embodiments is closer to 107, As shown in part (b) of FIG. 8, if
a standard BCH double-error-correction, triple-error-detection (DEC/TED) error-correcting
code (ECC) is employed, the codeword error probability of the current-based approach is still
not low enough (around 10~°) for standard memory applications, but for the voltage-based
approach, the probability can be less than 107!°. As such, ratio-based voltage-sensing
encoding can be applied to existing devices to produce low enough error probabilities for
memory applications.

[0069] MEMORY ARRAY EVALUATION

[0070] Read operation of a H3 cell in a memory array is limited by speed of CMOS read
circuitry, but mainly by the time it takes the memristor in LRS state (either the left or right
memristor) in an H3 cell to charge its sense line. Thus the critical delay in a read operation
will be given by the delay between the time the mT is enabled and the time the voltage is
latched by the voltage comparator at the end of the sense line (access-to-latch delay). The
time diagram of a typical voltage-based read operation in a 1 Mb (1024x1024) array is shown
in part (a) of FIG. 9. Parts (b)-(d) of FIG. 9 show SPICE-simulated shmoo plots on a 130 nm
technology node as a function of the read voltage and access-to-latch delay for various LRS
and HRS values. ON/OFF ratios for the simulation was set at 100. For memristors with a
LRS of 10 kQ or less, random-access read latencies of a few nanoseconds can be obtained.
[0071] Programming or write operation of an H3 cell can be implemented in two ways: as

a regular write, in which is the mT of the H3 cell is turned OFF; and with write-assist, in
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which the mT of the H3 cell is enabled and used to assist the set and reset operations of the
memristors. Write-assist can be implemented in two steps, in which the source of the mT of
the H3 cell is connected to a voltage Vassist. During the first step, Vassist = V/2, and during
the second step, Vassist =—V/2 (regardless of the data being stored). The first step sets the
H3 cell into an intermediate LRS|LRS state, and the second step completes the write
operation into a desired logic state.

[0072] A regular write operation can be performed on an H3 cell in the same manner as
in a CRS cell. For instance, if starting with an H3 cell in a LRS|HRS state (logic ’0”) and
applying a positive write voltage, the H3 cell will initially transition to a LRS|LRS state and
eventually to a HRS|LRS state (logic ’1°). Similarly, starting from a HRS|LRS state and
applying a negative write voltage, the H3 cell will transition to a LRS|HRS state, passing
through the LRS|LRS state. Complexity of a regular write operation of an H3 cell is
comparable to that of a memristor, i.e., they can both be achieved by applying a single write
pulse (positive or negative). However, the write operation of an H3 cell involves more
transitions and interaction of more elements (HRS|LRS s LRS|LRS s LRS|HRS), compared
to a regular memristive write (HRS % LRS). Thus, an H3 cell’s write operation (as well as a
CRS’s) has more stringent set threshold voltage (Vin+) and reset threshold voltage (Vin-)
requirements. In particular, the distributions of Vi+ and V- should be sharper and |Vin-|
should be less than or equal to [V

[0073] In an embodiment, a lower bound for a write voltage is |2*V-|. The lower bound
can be derived as follows: Assume an initial configuration of LRS|HRS. If the applied
voltage Vapplied > |Vin+|, then the device will transition to the LRS|LRS configuration. Under
an assumption that the LRS of both devices are similar and have an ohmic behavior, then in
order to reset the second device (to get the desired HRS|LRS configuration), the applied
voltage should be at least twice as large as the reset voltage of an individual device (|[Vin-|).
That is, Vapplied > [2*Vin-| > [Vin].

[0074] In an example, part (a) of FIG. 10 shows a distribution for the LRS and HRS
states of a memristor, and part (b) of FIG. 10 shows distribution of Vi+ and V-, Part (c) of
FIG. 10 shows 1000 simulated cycles using a simplified threshold-based memristor model

with the distributions shown in parts (a) and (b) of FIG. 10. Part (d) of FIG. 10 shows 1 — Pw
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as a function of write voltage, where Pwis defined as the probability that all possible
transitions in an H3 cell (HRS/LRS % LRS/LRS % LRS/HRS) can be successfully
performed, as a function of the write voltage, for a given set of LRS, HRS, V- and Vi,
under a regular write operation. Additionally, part (d) of FIG. 10 also shows probability Pp
of accidentally disturbing a partially selected H3 cell as a function of the write voltage,
assuming a V/3 scheme. In a V/3 biasing scheme, the required write voltage Virire_setect 18
applied to the selected word line, VBL < Viwrite_seiect 15 applied to the unselected bit lines, Vwr <
VBL to the unselected word lines, and the reference ground potential to the selected bit line.
The choices of Vwr and VBL minimizes overall leakage while preventing accidental
disturbance to the half-selected and unselected devices in the ReRAM memory. The leakage
due to the unselected devices (which are the vast majority) can be significantly reduced using
the “V/2” biasing scheme in which VsL = VwL, at the expense of a higher stress on the half-
selected devices, which experience half of the applied voltage.

[0075] An optimal write voltage can be defined as a write voltage that maximizes Pw
while minimizing Pp. The optimal voltage can be determined to be the voltage where 1-Pw
=Pp. For aregular write, i.e., a write without write-assist, an optimal write voltage of 2.1-2.2
V was found to result in Pp = 1 — Pw = 1077, which can be high for memory applications.
However, by using the mT of the H3 cell in a write-assist mode as shown in part (d) of FIG.
10, the optimal voltage is reduced to 1.9 V with Pp = 1 — Pw = 1075 which is several orders
of magnitude lower than a regular write, and closer to the 107° — 107'® range that is typical
for memory applications. In part (d) of FIG. 10, solid markers were computed through a
Monte Carlo simulation, and the dashed lines were extrapolated fit functions.

[0076] In an embodiment, programming or writing an H3 cell can be accomplished by
fixing a set write pulse width.

[0077] In an embodiment, due to large variations on write times of ReRAM devices,
writing an H3 cell can be accomplished with a form of write-and-verify algorithm. A write-
and-verify algorithm includes, e.g., applying a write pulse, reading the ReRAM device to
check whether the device is programmed, and if the device is not programmed, reapplying the

write pulse.
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[0078] In an embodiment, assuming that an mT of the H3 cell is not being used during
the write operation (i.e., during a regular write), monitoring the voltage at the middle
electrode (e.g., at the end of the sense lines in FIG. 3 via the mT) should provide a real-time
indication of whether the write operation is completed. That is, regardless of whether a logic
‘1”7 (in which a voltage V/2 is applied on the bit line and —V/2 on the word line) is being
written or logic ‘0’ (in which a voltage —V/2 is applied on the bit line and V/2 on the word
line) is being written, the voltage at the middle electrode will initially be close to V/2, and
then it will change polarity and get close to —V/2 when the write operation finishes, where V
is at least greater than the max(|Vi|, |[Vin-|). A good indication that the write operation is
finished is that the voltage at the middle electrode (sensed at the end of the sense line) crosses
0 volts.

[0079] All references, including publications, patent applications, and patents, cited
herein are hereby incorporated by reference to the same extent as if each reference were
individually and specifically indicated to be incorporated by reference and were set forth in
its entirety herein.

[0080] The use of the terms “a” and “an” and “the” and “at least one” and similar
referents in the context of describing the invention (especially in the context of the following
claims) are to be construed to cover both the singular and the plural, unless otherwise
indicated herein or clearly contradicted by context. The use of the term “at least one”
followed by a list of one or more items (for example, “at least one of A and B”) is to be
construed to mean one item selected from the listed items (A or B) or any combination of two
or more of the listed items (A and B), unless otherwise indicated herein or clearly
contradicted by context. The terms “comprising,” “having,” “including,” and “containing”
are to be construed as open-ended terms (i.e., meaning “including, but not limited to,”) unless
otherwise noted. Recitation of ranges of values herein are merely intended to serve as a
shorthand method of referring individually to each separate value falling within the range,
unless otherwise indicated herein, and each separate value is incorporated into the
specification as if it were individually recited herein. All methods described herein can be
performed in any suitable order unless otherwise indicated herein or otherwise clearly

contradicted by context. The use of any and all examples, or exemplary language (e.g., “such
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as”) provided herein, is intended merely to better illuminate the invention and does not pose a
limitation on the scope of the invention unless otherwise claimed. No language in the
specification should be construed as indicating any non-claimed element as essential to the
practice of the invention.

[0081] Preferred embodiments of this invention are described herein, including the best
mode known to the inventors for carrying out the invention. Variations of those preferred
embodiments may become apparent to those of ordinary skill in the art upon reading the
foregoing description. The inventors expect skilled artisans to employ such variations as
appropriate, and the inventors intend for the invention to be practiced otherwise than as
specifically described herein. Accordingly, this invention includes all modifications and
equivalents of the subject matter recited in the claims appended hereto as permitted by
applicable law. Moreover, any combination of the above-described elements in all possible
variations thereof is encompassed by the invention unless otherwise indicated herein or

otherwise clearly contradicted by context.

26



WO 2019/019920 PCT/CN2018/095297

CLAIMS:

1. A resistive random-access memory (ReRAM) comprising a hybrid memory
cell, wherein the hybrid memory cell comprises:

a left resistance-switching device comprising a first terminal and a second
terminal,

a right resistance-switching device comprising a first terminal and a second
terminal, wherein the first terminal of the right resistance-switching device is
connected to the first terminal of the left-resistive switching device at an internal
node, and

a transistor comprising a source terminal, a drain terminal, and a gate terminal,
wherein the drain terminal of the transistor is connected to the left resistance-

switching device and the right resistance-switching device at the internal node.

2. The ReRAM according to claim 1, wherein the left resistance-switching

device and the right resistance-switching device are memristors.

3. The ReRAM according to claim 1, wherein the left resistance-switching
device and the right-resistive switching device are in opposite resistance states, wherein

resistance states include a high resistance state and a low resistance state.

4. The ReRAM according to claim 1, wherein the transistor is a minimum sized

transistor.

5. The ReRAM according to claim 1, wherein a logic level of the hybrid memory
cell is based on a ratio of resistances of the right resistance-switching device and the left

resistance-switching device.

6. The ReRAM according to claim 1, further comprising:
peripheral circuitry coupled to the hybrid memory cell, the peripheral circuitry

configured to program and/or determine a logic level of the hybrid memory cell.
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7. The ReRAM according to claim 6, wherein the peripheral circuitry is
configured to determine the logic level by:
applying a read voltage between the second terminal of the left resistance-
switching device and the second terminal of the right resistance-switching device;
applying a voltage bias at the gate terminal of the transistor; and

sensing voltage at the internal node via the source of the transistor.

8. The ReRAM according to claim 6, wherein the peripheral circuitry is
configured to program the logic level by:
applying a write voltage between the second terminal of the left resistance-

switching device and the second terminal of the right resistance-switching device.

0. The ReRAM according to claim 6, wherein the peripheral circuitry is
configured to program the logic level by:
applying a write voltage between the second terminal of the left resistance-
switching device and the second terminal of the right resistance-switching device; and

applying a voltage bias at the gate of the transistor.

10. The ReRAM according to claim 6, wherein the peripheral circuitry comprises:

a word line driver coupled to the second terminal of the left resistance-
switching device;

an enable line driver coupled to the gate terminal of the transistor;

a bit line driver coupled to the second terminal of the right resistance-
switching device; and

a sense line driver coupled to the source terminal of the transistor.

11. The ReRAM according to claim 10, wherein:
the word line driver is configured to provide a first bias to the hybrid memory
cell;
the enable line driver is configured to select the hybrid memory cell to

program and/or determine the logic level; and
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the bit line driver is configured to provide a second bias to the hybrid memory

cell.

12. The ReRAM according to claim 1, wherein the transistor is a p-type transistor

or an n-type transistor.

13. A method for programming a hybrid memory cell of a resistive random-access
memory (ReRAM), the method comprising:

applying a write voltage between a second terminal of a left resistance-
switching device and a second terminal of a right resistance-switching device,
wherein a first terminal of the left resistance-switching device is connected to a first
terminal of the right resistance-switching device at an internal node; and

removing the write voltage after a predetermined time;

wherein the hybrid memory cell comprises the left resistance-switching

device, the right resistance-switching device, and a transistor.

14. The method according to claim 13, further comprising:
applying a first voltage bias at a gate of the transistor, wherein a drain of the
transistor is connected to the internal node; and

removing the first voltage bias after a second predetermined time.

15. The method according to claim 13, further comprising:

monitoring the internal node to determine an internal node voltage by applying
a first voltage bias at a gate of the transistor; and

determining that the predetermined time is a time that the internal node

voltage crosses half of the write voltage.

16. A method for determining a logic level of a hybrid memory cell of a resistive
random-access memory (ReRAM), the method comprising:
applying a read voltage between a second terminal of a left resistance-
switching device and a second terminal of a right resistance-switching device,
wherein a first terminal of the left resistance-switching device is connected to a first

terminal of the right resistance-switching device at an internal node;
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applying a voltage bias at a gate of a transistor, wherein a drain of the
transistor is connected to the internal node; and

sensing voltage at the internal node via a source of the transistor;

wherein the hybrid memory cell comprises the left resistance-switching

device, the right resistance-switching device, and the transistor.

17.  The method according to claim 16, further comprising:

comparing the sensed voltage to a threshold voltage;

determining that the logic level of the hybrid memory cell is logic ‘1” when
the sensed voltage is greater than the threshold voltage; and

determining that the logic level of the hybrid memory cell is logic ‘0’ when

the sensed voltage is less than the threshold voltage.

18.  The method according to claim 17, wherein the threshold voltage is the read

voltage divided by 2.

19. The method according to claim 16, wherein the logic level of the hybrid
memory cell is based on a ratio of resistances of the right resistance-switching device and the

left resistance-switching device.

20. The method according to claim 16, wherein the transistor is a minimum sized

transistor.
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