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Abstract The physically separated memory and logic units in traditional von Neumann computers place
essential limits on the performance and cause increased energy consumption, and hence in-memory computing
is required to overcome this bottleneck. Here, a new bipolar memristor based in-memory logic approach is
proposed, which is capable of achieving all 16 possible Boolean logic functions in a single device in less than
3 steps. This approach does not require initialization and can facilitate logic cascading, and the calculation
taking place in-situ is showcased by 1-bit full adder and 2-bit multiplier with improved efficiency, thus showing

a great prospect in future in-memory computing architecture.
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1 Introduction

As the scaling of CMOS devices approaches their physical limits, Moore’s law is approaching its end [1].
The development of future computing technology requires innovative materials, devices, and architec-
tures [2-5]. While the performance of traditional computers is strongly limited by the von Neumann
bottleneck, in-memory logic can fundamentally address the overhead caused by data movements between
logic and memory and thus achieve high efficiency [6]. Recently, memristor based in-memory computing
has dawn extensive attention [7-10], due to its high speed, high scalability, and low energy consump-
tion [11-15]. Memristor is a simple metal-insulator-metal sandwich structure, and their resistances can
be switched between two digital states, low resistance state and high resistance state [16-18], laying the
foundation for logical operations. Memristors have demonstrated rich logic and arithmetic functionalities
in recent years [8,19-34]. Memristor based nonvolatile logic can usually be divided into two classes-
stateful and non-stateful logic, according to the physical quantities of input and output variables. For
stateful logic, such as IMPLY [7] and MAGIC [29], both input and output variables are represented
by the same physical quantity, i.e., resistance state. However, for non-stateful logic [8,10], the voltage
signals applied on the devices are usually adopted as inputs, while the resistance state usually serves as
the output, hence featuring different physical quantities. In consideration of the input variables p and
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Figure 1 (Color online) (a) Schematic of the Pt/Ta/TazOs5/Pt/Ti device structure. (b) TEM image of the

Pt/Ta/TazOs/Pt/Ti structure. Scale bar: 20 nm. (c) Typical resistive switching characteristics of the Pt/Ta/TasO5/Pt/Ti
devices. (d) Current response under voltage pulse. Constant read voltage of 0.1 V was applied to the TE terminal.

¢, both inputs are represented by the same physical quantity, namely, resistance state and voltage for
stateful and non-stateful logic, respectively, while the output variable is always defined as the resistance
state. Detailed logic definitions and approaches thus decide the overall performance in terms of area,
latency, and logic cascading [7,8,10,29].

In this study, we propose and demonstrate an efficient logic approach based on bipolar oxide memristors,
where the two input variables are represented by different physical quantities, that is, the device resistance
and the voltage applied onto one terminal of the memristor. This allows to implement all 16 Boolean
logic functions using 1 device in less than 3 steps. Further experimental demonstrations on 1-bit full
adder and 2-bit multiplier show high efficiency in area and latency compared with existing approaches,
indicating the potential of this method in next-generation in-memory computing.

2 Realization of Boolean logic

The structure of the memristor used in this study includes Pt/ Ta as the top electrode, TagOj5 as the switch
layer, and Pt/Ti as the bottom electrode, as schematically illustrated in Figure 1(a). Figure 1(b) shows
transmission electron microscopy (TEM) image of the device, where the stacking structure can be clearly
observed. In this study, a TagOs thickness of 30 nm was adopted, and the Pt/Ta/Tas05/Pt/Ti device
showed bipolar switching, as shown by the current-voltage (I-V) characteristics of the Pt/Ta/TazO5/Pt/Ti
device in Figure 1(c). Figure 1(d) further shows the current response of the device under voltage pulses
with 100 ns width, where a +2.3 V voltage pulse is applied to switch device from high resistance state
(HRS) to low resistance state (LRS) and a —2.5V voltage can switch it from LRS back to HRS. We can
see that the Pt/Ta/Tas05/Pt/Ti device has two stable resistance states, which is crucial for memristor
based nonvolatile logic operations.

We now turn to the implementation of in-memory logic using the above Pt/Ta/Tas05/Pt/Ti devices.
Here, we only use 1 single cell as the logic gate. The initial resistance state and the voltage applied
on one electrode represent the inputs p and ¢. The output is represented by final resistance state, and
the voltage applied on the other electrode depends on the logic function to be performed (Figure 2(a)).
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Figure 2 (Color online) (a) Schematic diagram of implementing three logical operations. (b) Experimental demonstration
of AND, OR, and XOR in pulse measurements. The initial read operation (green background) is to know the initial resistance
state and verify the correctness of the logic operation. In practical applications, only XOR logic needs to read the initial
resistance state to determine the voltage input port. Constant read voltage of 0.1 V was applied to the TE terminal during
the entire logic operations. Vet added to the TE is 2.3 V, 100 ns and Vieset added to the BE is 2.5 V, 100 ns.

High voltage and LRS represent logic “1”, and vice versa. As examples, we experimentally demonstrate
three logic functions AND, OR, and XOR in Figure 2, and all 16 Boolean logic functions can be achieved
following the operations in Table 1.

Figure 2(a) shows the schematic diagram of implementing three logic functions. To implement AND
logic function, initial resistance state serves as input p, and the voltage applied to top electrode (TE) is
defined as input g. The output is represented by final resistance state Z’, while bottom electrode (BE)
is placed at high voltage. Only when p = 1 and ¢ = 1, the final resistance state keeps in LRS which
satisfies the equation Z’ = ZTj. Similarly, OR logic function can be implemented by grounding the
BE. To realize XOR function, firstly we need to read the initial resistance state as a selection signal.
If Z = 0, the voltage applied to TE is chosen as input ¢, and BE is grounded. On the contrary, the
voltage applied to BE represents input ¢ and TE is grounded, when Z = 1. The experimental results are
shown in the Figure 2(b), demonstrating the correctness of this logical approach. As a result, realizing
AND and OR functions only needs 1 write operation, while XOR logic function needs 1 read and 1 write
operations in a single device, which is more efficient compared with existing bipolar memristor based logic
approaches [35,36]. Table 1 shows the implementation method of all Boolean logic. It is worth pointing
out that the implementation of the logic function in bold font needs to read out the resistance state as a
selection signal, and the additional circuit overhead for this needs to be optimized.
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Table 1 Complete 16 Boolean logic implementations

Logic Input 1 Cycle 5 Output Logic Input 1 Cycle 5 Output
p ¢ Z TE BE Z. TE BE 2 p ¢ Z TE BE %, TE BE Z
0 0 1 0 1 0 0 p g 0 0
TURE 0 1 10 1 XOR 0 1 p gq O 1
1 0 10 1 1 0 p 0 ¢ 1
11 1 0 1 1 1 p 0 ¢ 0
0 0 0 1 0 0 0 p 1 q 1
FALSE © 01  xnomr Y ' P 1 9 0
1 0 0 1 0 1 0 p ¢ 1 0
11 0 1 0 1 1 p q 1 1
0O 0 »p 0 0 0 p g¢q 1 0 1 0 1
) 01 p 0 NANDp L P @ 10 10 1
1 0 »p 1 1 0 p ¢ 1 0 1 0 1
1 1 p 1 11 p ¢ 1 1 0 1 0
0 0 0 1 0 q 0 0 0 0 p ¢ 0 0 1 0 1
g 0 1 0 1 0 q 0 1 NOR 0 1 p ¢ 0 1 0 1 0
1 0 0 1 0 q 0 0 1 0 p ¢ 0 1 0 1 0
1 1 0 1 0 q 0 1 1 1 »p q 0 1 0 1 0
0O 0 p 1 0 1 0O 0 »p 1 q 1
NOT 01 p 1 0 1 ap 0 L P 1« 0
1 0 p 0 1 0 1 0 »p 1 q 1
1 1 p 0 1 0 1 1 p 1 ¢ 1
0o 0 »p 1 q 1 0 0 ¢ 1 P 1
NOT ¢ 0o 1 »p 1 q 0 IMP 0 1 ¢ 1 P 1
1 0 p 0 q 1 1 0 ¢ 1 P 0
1 1 p 0 q 0 1 1 ¢ 1 p 1
0O 0 p q 1 0 0O 0 »p 0 q 0
AND 0O 1 p q 1 0 NIMP 0O 1 »p 0 q 0
1 0 »p q 1 0 1 0 »p 0 q 1
1 1 »p q 1 1 1 1 »p 0 q 0
0O 0 p q 0 0 0 0 gq 0 D 0
OR 0O 1 p q 0 1 RNIMP 0 1 ¢ 0 p 1
1 0 »p q 0 1 1 0 g¢q 0 D 0
1 1 »p q 0 1 1 1 g¢q 0 P 0

3 Realization of full adders and multipliers

Full adders and multipliers play important roles in modern computer systems and are the basis of com-
puting units. Here a 1-bit full adder and a 2-bit multiplier are experimentally demonstrated. There are
three inputs (addend A, summand B, and carry-in C;) and two outputs (summary S and carry-out C,)
for 1-bit full adder. The logic functions can be expressed as

S=A®Ba&C, (1)
C,=(A® B)C; + AB. 2)

Figure 3(a) shows the operating sequence of the 1-bit binary full adder, where only 3 devices and up
to 6 steps are required. The first device calculates the C, and the S is calculated by the second device.
The third device calculates intermediate values. It is worthwhile pointing out that the resistance state
needs to be read out when XOR logic is done in steps 2-5. The first step is the writing of data A,
and the remaining steps are logical calculations. The calculation process diagram for the typical input
combination (14141) is shown in Figure 3(b). Since the result of the calculation is a resistance state,
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Figure 3 (Color online) (a) Operating sequence of the 1-bit binary full adder; (b) calculation process diagram for the typ-
ical input combination (14-1+41); (c) resistance evolution of three devices for input combination (1+1+1); (d) experimental
results for all 8 possible input combinations.

Table 2 Comparison of XOR logic operation and 1-bit full adder schemes

Reference XOR 1-bit full adder
Device number Step Device number Step
[7,35] 1 5 2 -
[36] 5 13 6 29
137] - - 6 35
[27] 4 4 9 10
(28] - - 16 10
(10] 1
This study 1

it can be directly used as the next input, reducing the conversion of voltage and resistance which will
help reduce the number of calculation steps. Another reason for the reduction in calculation steps is the
efficient implementation of XOR logic. Table 2 summarizes the number of devices and steps required to
implement XOR and one-bit full adders for different logic schemes. The state evolutions of all devices
for input combination (1+1+1) are shown in Figure 3(c). Figure 3(d) shows the experimental results for
all 8 input combinations, where correct results have been successfully obtained in all cases.

Furthermore, a 2-bit multiplier is experimentally demonstrated using only 5 devices and up to 6 steps.
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Figure 4 (Color online) (a) Operating sequence of the 2-bit multiplier; (b) calculation process diagram for the typical
input combination (11x10); (c) resistance evolution of five devices for input combination (11x10); (d) experimental results
for all 16 possible input combinations.

Ay Ay, By By are the two inputs of the multiplier, and P, P3 P> Py are the 4-bit output of the 2-bit multiplier,
which can be expressed as

P1 = Ay By,
P2 =A,By® AyBy,

P3 = A B, & AyBoA, By,
PA = AyByA, By

o N e
=~
= L =
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The operating sequence of the 2-bit multiplier is showed in Figure 4(a), where the output P4PsPsP;
are calculated by the first 4 devices. The resistance state needs to be read out when XOR logic is done in
steps 5 and 6. The entire process is divided into data writing, reading, and performing logical operations.
Calculation process diagram for the typical input combination (11x10) and the corresponding resistance
evolution is shown in Figure 4(b) and (c). Figure 3(d) further shows the experimental results for all 16
possible input combinations.

To the best of our knowledge, this is the first experimental implementation of 2-bit multiplier using
memristors, and the devices and steps required to realize full adder and multiplier in this study are more
efficient compared with previous memristor logic approaches [10,27,28,35-37]. The in-situ calculation
overwrites the input, deciding that less devices are needed. Moreover, this approach does not require
initialization and can facilitate logic cascading, because the output is a resistance state, it can be used as
the input of the next stage, reducing the number of voltage and resistance conversions. This logic approach
is also compatible with the current mainstream nonvolatile memory structure 1T1R [38], showing a great
prospect in future in-memory computing.

4 Conclusion

In this study, we have proposed an efficient in-memory logic approach which is capable of implementing
all 16 Boolean logic functions in 1 single cell without initialization. The improved efficiency of the
proposed approach is experimentally showcased by 1-bit full adder and 2-bit multiplier. This approach
is also compatible with the current mainstream nonvolatile memory structure 1T1R, paving a new way
for future in-memory computing.
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