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1
THREE-DIMENSIONAL ARRAY DEVICE

CROSS REFERENCE TO RELATED
APPLICATIONS

This application is a Continuation of International Patent
Application No. PCT/JP2021/013511, filed on Mar. 30,
2021, which claims the benefit of priority to U.S. Provisional
Patent Application No. 63/007,582, filed on Apr. 9, 2020, the
entire contents of which are incorporated herein by refer-
ence.

FIELD

One embodiment of the present invention relates to a
three-dimensional array device. In particular, the present
invention relates to a three-dimensional array device in
which memory cell array circuits are stacked.

BACKGROUND

In recent years, with the dramatic improvement of com-
puter performance and the development of deep learning,
research on deep neural networks in which neural networks
are multi-layered has been advanced. FIG. 30 is a diagram
illustrating a configuration of a general neural network. In
FIG. 30, a neuron performs a nonlinear operation of an
activation function f(k) (collectively referred to as k=1,
2, ..., 1) on a multiply-accumulate operation Z(Xi*Wi) of
N inputs Xi (collectively referred to as x) and weights Wi
(collectively referred to as w). In the deep neural network,
inputs x are multiply-accumulated by a neuron of an input
layer and converted into intermediate outputs 1. The inter-
mediate outputs 1 are multiply-accumulated by the neurons
of'a hidden layer 1 and converted to intermediate outputs 2.
After a similar iteration, they are converted to the final
outputs y by the neurons of an output layer.

As described above, in the deep neural network, learning
is performed by repeating a process of evaluating errors by
performing a large number of multiply-accumulate opera-
tions and updating the weights. Therefore, when a semicon-
ductor chip of a conventional Neumann-type architecture is
used, there is a problem that power consumption due to
communication between the memory and the CPU or
between the memory and the GPU is large. Therefore, a
non-volatile memory chip employing a non-Neumann type
architecture called neuromorphic computing or in-memory
computing has attracted attention. In a two-dimensional
array circuit having a crossbar configuration in which a
non-volatile memory element is arranged at an intersection
of a word line and a bit line, a multiply-accumulate opera-
tion result in a bit line direction can be read out as an output
with respect to data stored in each non-volatile memory.
Such in-memory computing techniques have been employed
in analog circuit implementations of neural networks since
the 1980s (Takashi Morie, “Neuromorphic Systems and
Physical Devices”, Oyo-Buturi, Japan Society of Applied
Physics, 2019, Vol. 88, No. 7, p. 481-485). For example,
neural networks using non-volatile memory chips based on
Re RAM (Resistive Random Access Memory) have been
extensively studied from the device level to the system level.
Since Re RAM has a function of an element called a
memristor in which the resistive value changes by storing
the quantity of charges flowing through the element, the
weight Wi of the neural network can be controlled by an
analogue value instead of a binary value of O or 1.

15

20

40

45

50

55

2

The deep neural networks are envisioned to be incorpo-
rated into a variety of devices as a core technique for
supporting Al (Artificial Intelligence) applications. There-
fore, a binary neural network that is easy to implement in
digital hardware has been proposed. The non-volatile
memories may be Re RAM, MRAM, or PCRAM. In par-
ticular, ReRAM based binary neural network has the ben-
efits of good stability, wide noise margins, and high ease of
testing, in addition to being able to use the analog-value
weights described above. XNOR operations for weighted
sum calculation in binary neural networks can be easily
implemented as in-memory computing using ReRAM cells.

Since the binary neural network binarizes the weight
value and the activation value, the binary neural network has
a disadvantage of low expressiveness. Therefore, the binary
neural network is generally used by increasing the compu-
tation accuracy by increasing the network size. However,
when a large-scale parallel input/output is performed, there
is a problem that an increase in footprint is caused in a
two-dimensional binary neural network. Therefore, at pres-
ent, a three-dimensional neural network in which two-
dimensional neural networks are stacked is also studied. For
example, a device having a 3D stacked structure in which a
synaptic core layer and an interconnect layer are alternately
stacked and the layers are connected by through-silicon-via-
electrodes (TSVs) has been proposed (U.S. Publication No.
2019/0318230). As described above, the neural network is
realized by the elements of 3D stacked-layer configuration,
thereby improving the area-efficiency. Further, by enabling
in-memory computing, it is possible to reduce power con-
sumption of the neural network.

SUMMARY

A three-dimensional array device according to an embodi-
ment of the present invention is a three-dimensional array
device with multiple layers in a height direction, and
includes: a first two-dimensional array circuit located in a
first layer; and a second two-dimensional array circuit
located in a second layer adjacent to the first layer and
overlapping with the first two-dimensional array circuit in a
plan view. Each of the first two-dimensional array circuit
and the second two-dimensional array circuit has a first
wiring group, an input part for inputting a signal to the first
wiring group, a second wiring group intersecting with the
first wiring group, and an output part for outputting a signal
from the second wiring group. The output part in the first
two-dimensional array circuit overlaps the input part in the
second two-dimensional array circuit in a plan view and is
connected in a signal transferable manner.

A three-dimensional array device according to an embodi-
ment of the present invention is a three-dimensional array
device with multiple layers in a height direction, and
includes: a first two-dimensional array circuit located in a
first layer; and a second two-dimensional array circuit
located in a second layer adjacent to the first layer and
overlapping the first two-dimensional array circuit in a plan
view. Each of the first two-dimensional array circuit and the
second two-dimensional array circuit has a first wiring
group, an input part for inputting a signal to the first wiring
group, a second wiring group intersecting with the first
wiring group, and an output part for outputting a signal from
the second wiring group. The output part in the first two-
dimensional array circuit is located closer to the input part
in the second two-dimensional array circuit than the output
part in the second two-dimensional array circuit, and is
connected to the input part in the second two-dimensional
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array circuit in a signal transferable manner. A direction in
which the second wiring group extends in the first two-
dimensional array circuit is approximately parallel to a
direction in which the first wiring group extends in the
second two-dimensional array circuit.

The input part in the first two-dimensional array circuit
may not overlap the output part in the second two-dimen-
sional array circuit in a plan view.

The output part in the first two-dimensional array circuit
may be electrically connected to the input part in the second
two-dimensional array circuit through a via.

Each of the first two-dimensional array circuit and the
second two-dimensional array circuit may be memory cell
array circuit. In this case, the first wiring group may be a
wiring group consisting of word lines. The second wiring
group may be a wiring group consisting of bit lines.

The memory cell array circuit may include at least one
resistive random access memory and at least one selection
transistor in each memory cell. In this case, the resistive
random access memory may include a dielectric layer con-
taining hafnium oxide. The selection transistor may include
channels composed of an oxide-semiconductor containing
1GZ0.

BRIEF DESCRIPTION OF THE DRAWINGS

FIG. 1 is a diagram showing a configuration of a three-
dimensional array device according to a first embodiment of
the present invention.

FIG. 2 is a diagram illustrating a configuration of a
two-dimensional array circuit according to the first embodi-
ment.

FIG. 3A is a schematic diagram showing a change in the
position of an input part and an output part in the two-
dimensional array circuit.

FIG. 3B is a schematic diagram showing a change in the
position of the input part and the output part in the two-
dimensional array circuit.

FIG. 3C is a schematic diagram showing a change in the
position of the input part and the output part in the two-
dimensional array circuit.

FIG. 4 is a cross-sectional view illustrating a configura-
tion of a memory cell in a three-dimensional array device
according to the first embodiment.

FIG. 5 is an enlarged cross-sectional view showing a
configuration of the three-dimensional array device of the
first embodiment.

FIG. 6 is a drawing substitute photograph showing a
layout of the memory cells of the two-dimensional array
circuit shown in the drawing 3A.

FIG. 7 is a plan view schematically showing the layout of
the memory cell shown in FIG. 6.

FIG. 8 is a drawing substitute photograph of a cross-
section of FET1 shown in FIG. 6 near a channel.

FIG. 9 is a drawing substitute photograph showing a
cross-sectional configuration of ReRAM 1 shown in FIG. 6.

FIG. 10 is a drawing substitute photograph showing the
layout of the memory cells of the two-dimensional array
circuit shown in FIG. 3B.

FIG. 11 is a drawing substitute photograph showing the
layout of the memory cells of the two-dimensional array
circuit shown in FIG. 3C.

FIG. 12 is a diagram illustrating Id-Vg characteristics of
a selection transistor in the three-dimensional array device
of the first embodiment.
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FIG. 13 is a diagram illustrating 1d-Vd characteristics of
a selection transistor in the three-dimensional array device
of the first embodiment.

FIG. 14 is a diagram comparing the I-V characteristics of
a “ITIR” cell, which is a memory cell composed of a
selection transistor and a ReRAM, and the I-V characteris-
tics of a “1R” cell, which is a memory cell composed only
of a ReRAM.

FIG. 15 is a diagram showing the cumulative probabilities
of set/reset voltages of “IT1R” cells and “1R” cells mea-
sured from the I-V characteristics shown in FIG. 14.

FIG. 16 is a diagram obtained by extracting the I-V
characteristics of the “1T1R” cell from the I-V characteris-
tics shown in FIG. 14.

FIG. 17 is a diagram showing the cumulative probabilities
of the resistance values in the low resistance state and the
high resistance state of the “1T1R” cell measured from the
I-V characteristics shown in FIG. 16.

FIG. 18 is a diagram showing [-V characteristics of a
“IT1R” cell in the two-dimensional array circuit.

FIG. 19 is a diagram showing the cumulative probabilities
of resistance values in the low resistance state and the high
resistance state measured from the I-V characteristics of the
two-dimensional array circuit shown in FIG. 18.

FIG. 20 is a diagram showing rewrite durability properties
of respective ReRAM in two-dimensional array circuit at
room temperature.

FIG. 21 is a diagram showing retention properties of
respective ReRAM in two-dimensional array circuit at room
temperature.

FIG. 22 is a circuit diagram illustrating a configuration of
a XNOR circuit using two “1T1R” cells.

FIG. 23 is a line drawing showing a configuration of a
prototype memory cell array of the memory cell of the first
embodiment.

FIG. 24 is a line drawing showing a configuration of an
external peripheral circuit used for measuring a prototype
XNOR circuit.

FIG. 25A is a diagram showing a measured result of the
prototype XNOR circuit.

FIG. 25B is a diagram showing a measured result of the
prototype XNOR circuit.

FIG. 26 is an enlarged cross-sectional view illustrating a
configuration of a three-dimensional array device according
to a modification of the first embodiment.

FIG. 27 is a circuit diagram illustrating a configuration of
a memory cell array circuit that executes arithmetic process-
ing in a digital manner.

FIG. 28 is a circuit diagram illustrating a configuration of
a memory cell array circuit that executes arithmetic process-
ing in an analog manner.

FIG. 29 is a diagram showing a configuration of a
three-dimensional array device according to a third embodi-
ment of the present invention.

FIG. 30 is a diagram illustrating a configuration of a
general neural network.

DESCRIPTION OF EMBODIMENTS

In the three-dimensional neural network of the prior art,
vertical integration has been difficult. This is because a
technique such as TSV or wire bonding through the inter-
connect layer is necessary to connect the layers constituting
the two-dimensional neural network to each other. In addi-
tion, in a case where a non-volatile memory chip for
in-memory computing is stacked in the three-dimensional
direction, an interconnect layer or wire bonding wiring
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connecting an output terminal of a lower-layer neural net-
work and an input terminal of an upper-layer neural network
may become long. In this case, an increase in signal delay
and power consumption is caused by an increase in wiring
length.

The purpose of the present invention is to provide a
three-dimensional array device that realizes a neural net-
work with low latency and low energy loss.

Hereinafter, embodiments of the present invention will be
described with reference to the drawings and the like.
However, the present invention can be implemented in
various aspects without departing from the gist thereof, and
is not to be construed as being limited to the description of
the embodiments exemplified below. In the drawings, the
widths, thicknesses, shapes, and the like of the respective
portions may be schematically represented in comparison
with the actual embodiments for clarity of explanation, but
the drawings are just examples, and do not limit the inter-
pretation of the present invention. In the present specifica-
tion and the drawings, elements having the same functions
as those described with respect to the above-described
drawings are denoted by the same reference numerals, and
duplicate descriptions thereof may be omitted.

In the present specification, a plurality of elements formed
by performing processes such as etching on a single thin film
may have different functions or roles. These elements are
composed of the same layer structure and a thin film of the
same material. In the present specification and claims, a
plurality of elements formed from the same layer structure
and a thin film of the same material will be referred to as
“elements of the same layer”.

In the present specification, “two two-dimensional array
circuits overlap in a plan view” means that, in the two-
dimensional array circuit, quadrilaterals formed by wirings
at both ends of the first wiring group and wirings at both
ends of the second wiring group overlap in a plan view. The
overlapping area is preferably 50% or more, more preferably
75% or more, and most preferably 95% or more, based on
the area of any one of the quadrilaterals.

In the present specification, “the input part and the output
part overlap in a plan view” means that the quadrilateral of
the minimum area including all the input terminals included
in the input part and the quadrilateral of the minimum area
including all the output terminals included in the output part
overlap in a plan view. The overlapping area is preferably
50% or more, more preferably 75% or more, and most
preferably 95% or more, based on the area of any one of the
quadrilaterals. When the input terminal and the output
terminal are vertically connected, for example, in the case of
connection by a through-silicon via, the input part and the
output part overlapped in a plan view at a ratio of 100%.

In the present specification, when describing elements
shown in the drawings, reference numerals assigned to the
elements will be used to describe the elements. At this time,
a plurality of elements having the same function may be
distinguished by attaching symbols such as alphabets (for
example, “a”, “b”, and the like) to the same reference
numerals. However, when it is not necessary to separately
describe each element, the description may be made by
using only the reference numerals indicating the element.

In the embodiments described below, the temperature
conditions of the measurement or simulation are both at
room temperature.

First Embodiment

[Structure of Three-Dimensional Array Device]
FIG. 1 is a diagram showing a configuration of a three-
dimensional array device 10 according to a first embodiment
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of the present invention. As illustrated in FIG. 1, the
three-dimensional array device 10 includes a control circuit
100 and two-dimensional array circuits 200a to 200e in
order from the lower layer. The control circuit 100 controls
each operation (for example, input and output of signals) of
the two-dimensional array circuits 200a to 200e. Although
FIG. 1 shows an example in which a five-layer two-dimen-
sional array circuit is superposed in a vertical direction, the
present invention is not limited to this example, and a
two-layer or more layer structure can be used. Here, the
“vertical direction” refers to a direction perpendicular to a
plane constituting the two-dimensional array circuit. Since
the three-dimensional array device 10 is a structure in which
a plurality of two-dimensional array circuits 200a to 200e
are sequentially stacked, the “vertical direction” can also be
referred to as a “height direction” or an “up-down direction”.
In the following description, when it is not necessary to
distinguish between the two-dimensional array circuits 200a
to 200¢, they are collectively referred to as two-dimensional
array circuits 200.

The two-dimensional array circuits 200 are memory cell
array circuits based on Re RAM (Resistive Random Access
Memory). Specifically, the two-dimensional array circuit
200 includes a plurality of memory cells arranged in an
array, and includes ReRAM in the respective memory cells.
However, the memory arranged in the memory cell is not
limited to ReRAM, and may be another non-volatile
memory such as MRAM (Magnetoresistive Random Access
Memory), FeRAM (Ferroelectric Random Access Memory),
PCRAM (Phase Change Random Access Memory). Further,
the two-dimensional array circuit 200 is not limited to the
memory cell array circuit, and may be another array type
circuit such as a CMOS sensor array circuit.

In the present embodiment, in-memory computing is
realized using the three-dimensional array device 10. Spe-
cifically, each two-dimensional array circuit 200 constitutes
a binary neural network (quantized neural network), and a
plurality of binary neural networks are stacked to constitute
a deep neural network. For example, the three-dimensional
array device 10 may constitute the deep neural network in
which the two-dimensional array circuit 200a, the two-
dimensional array circuits 2006 to 200d, and the two-
dimensional array circuit 200e as the input layer, the hidden
layer, and the output layer, respectively.

As illustrated in FIG. 1, the two-dimensional array circuit
200 includes a first wiring group 210, an input part 215 that
inputs a signal to the first wiring group 210, a second wiring
group 220 that intersects the first wiring group 210, and an
output part 225 that outputs a signal from the second wiring
group 220. In the present embodiment, the first wiring group
210 includes a plurality of word lines. The second wiring
group 220 includes a plurality of bit lines. The memory cell
is provided at an intersection of the word line and the bit
line. That is, although not shown, at least one resistive
random access memory (Re RAM) and at least one selection
transistor are arranged as memory cells at the intersection
where the first wiring group 210 and the second wiring
group 220 intersect. The first wiring group 210 is preferably
a wiring group formed of wiring lines parallel to each other.
The second wiring group 220 is preferably a wiring group
composed of wiring lines parallel to each other, and is
preferably a wiring group orthogonal to the first wiring
group 210.

The input part 215 is a portion that inputs information
transmitted from an external circuit (including another two-
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dimensional array circuit 200) to the two-dimensional array
circuit 200. Specifically, the information input from the
input part 215 drives each word line constituting the first
wiring group 210. In the present embodiment, the input part
215 is an aggregation of input terminals electrically con-
nected to each word line. The output part 225 is a portion
that outputs information from the two-dimensional array
circuit 200 to an external circuit (including another two-
dimensional array circuit 200). Specifically, the information
transmitted via the second wiring group 220 is output
through the output part 225. In the present embodiment, the
output part 225 is an aggregation of output terminals elec-
trically connected to each bit line.

FIG. 2 is a diagram illustrating a configuration of the
two-dimensional array circuit 200 according to the first
embodiment. As shown in FIG. 2, a memory cell 230 is
arranged at an intersection of a plurality of word lines WL
and a plurality of bit lines BL. In the present embodiment,
each memory cell 230 includes a selection transistor 232 and
a resistive random access memory 234. The resistive random
access memory 234 is provided between a bit line BL and
the selection transistor 232. The selection transistor 232 is
provided between the resistive random access memory 234
and a source line SL. A word line WL is connected to the
gate of the selection transistor 232. However, the configu-
ration of the memory cell 230 is not limited to this example.
For example, the resistive random access memory 234 may
be arranged between the selection transistor 232 and the
source line SL.

Although not shown in FIG. 2, the two-dimensional array
circuit 200 includes a peripheral circuit for reading infor-
mation stored in each memory cell 230 and writing infor-
mation to each memory cell 230. The peripheral circuit may
include a peripheral circuit for driving the word line WL and
a peripheral circuit for driving the bit line BL. That is, the
input part 215 illustrated in FIG. 1 may include a peripheral
circuit for driving the word line WL. Further, the output part
225 may include a peripheral circuit for driving the bit line
BL. These peripherals may include at least one circuit
selected from the latch circuit, buffer circuit, writing circuit,
precharge circuit and amplifier circuit. The peripheral circuit
can be formed by, for example, a circuit made of only n-type
1GZO or a CMOS circuit including n-type IGZO and p-type
tin oxide (SnO). The peripheral circuit may be formed by
Si-CMOS on the control circuit 100.

The resistive random access memory 234 can store one bit
of information by changing a resistance value of a CER layer
indicating an electric field-induced giant resistance change
(hereinafter, also referred to as a “variable resistance layer”).
For example, information in a low resistance state (LRS) in
which the resistance value is relatively low is set to “0”, and
information in a high resistance state (HRS) in which the
resistance value is relatively high is set to “1”. However, the
correspondence relationship between the resistance value
and the information of “0” or “1” may be reversed.

Each memory cell 230 is individually selected by the
on/off control of the selection transistor 232. The selected
memory cell 230 performs writing operation or a reading
operation of information according to the voltage applied to
the bit line BL and the source line SL. In the present
embodiment, the word line WL is driven based on the signal
input to the input part 215 of the two-dimensional array
circuit 200, and the signal output from the output part 225
is determined based on the signal read from the memory cell
230 via the bit line BL.

The description is returned to FIG. 1. The two-dimen-
sional array circuit 200a includes a first wiring group 210a
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connected to an input part 2154 and a second wiring group
220a connected to an output part 225a. The two-dimensional
array circuit 20056 includes a first wiring group 2105 con-
nected to an input part 2155 and a second wiring group 2205
connected to an output part 2255. The two-dimensional
array circuit 200c¢ includes a first wiring group 210c¢ con-
nected to an input part 215¢ and a second wiring group 220c¢
connected to an output part 225¢. The two-dimensional array
circuit 2004 includes a first wiring group 2104 connected to
an input part 2154 and a second wiring group 220d con-
nected to an output part 2254. The two-dimensional array
circuit 200e includes a first wiring group 210e connected to
an input part 215¢ and a second wiring group 220e con-
nected to an output part 225e.

The three-dimensional array device 10 of the present
embodiment has a structure in which two-dimensional array
circuits 2004 to 200e are stacked while being rotated by 90
degrees from the lower layer toward the adjacent upper
layer. Specifically, in the three-dimensional array device 10,
the positions of the input part 215 and the output part 225 are
changed by 90 degrees in a counterclockwise direction in a
plan view. Therefore, in the three-dimensional array device
10 of the present embodiment, the input part 215 of the
two-dimensional array circuit 200 on the upper layer side
and the output part 225 of the two-dimensional array circuit
200 on the lower layer side are overlapped in a plan view.

FIG. 3A, FIG. 3B and FIG. 3C are schematic diagrams
illustrating a change in positions of the input part 215 and
the output part 225 in the two-dimensional array circuit 200.
Specifically, FIG. 3A, FIG. 3B and FIG. 3C are plan views
illustrating configurations of the two-dimensional array cir-
cuit 200qa, the two-dimensional array circuit 2005, and the
two-dimensional array circuit 200c, respectively.

As shown in FIG. 1, FIG. 3A and FIG. 3B, the two-
dimensional array circuit 2005 is in a position where the
two-dimensional array circuit 200q is rotated 90 degrees
counterclockwise in a plan view. In this case, the output part
225a of the two-dimensional array circuit 200a overlaps
with the input part 2155 of the two-dimensional array circuit
2005. As shown in FIG. 1, FIG. 3B and FIG. 3C, the
two-dimensional array circuit 200c is in a position where the
two-dimensional array circuit 2005 is rotated 90 degrees
counterclockwise in a plan view. In this case, the output part
22556 of the two-dimensional array circuit 2005 overlaps
with the input part 215¢ of the two-dimensional array circuit
200c. Although not shown, the relationship between the
two-dimensional array circuit 200¢ and the two-dimensional
array circuit 2004 and the relationship between the two-
dimensional array circuit 2004 and the two-dimensional
array circuit 200e are the same.

As described above, in the three-dimensional array device
10 of the present embodiment, the positions of the input part
215 and the output part 225 are changed spirally from the
lower layer toward the upper layer. Specifically, the three-
dimensional array device 10 has a structure in which the
two-dimensional array circuit on the upper layer side is
arranged at a position where the two-dimensional array
circuit on the lower layer side is rotated by 90 degrees
counterclockwise from the lower layer toward the upper
layer. In this case, the signal input to the three-dimensional
array device 10 is calculated while proceeding from the
lower layer toward the upper layer. However, the structure of
the three-dimensional array device 10 is not limited to this
example. For example, the three-dimensional array device
10 may have a structure in which the two-dimensional array
circuit on the lower layer side is arranged at a position where
the two-dimensional array circuit on the upper layer side is
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rotated 90 degrees clockwise from the upper layer toward
the lower layer. That is, the output part 225 of the two-
dimensional array circuit 200 on the upper layer side is
electrically connected to the input part 215 of the two-
dimensional array circuit 200 on the lower layer side. In this
case, the signal input to the three-dimensional array device
10 is calculated while proceeding from the upper layer
toward the lower layer.

Further, as indicated by arrows in FI1G. 1, the output of the
two-dimensional array circuit 200 on the lower layer side
becomes the input of the two-dimensional array circuit 200
on the upper layer side. That is, the output part 225 of the
two-dimensional array circuit 200 on the lower layer side is
electrically connected to the input part 215 of the two-
dimensional array circuit 200 on the upper layer side. At this
time, any method may be used for electrical connection
between the input part 215 of the two-dimensional array
circuit 200 on the upper layer side and the output part 225
of the two-dimensional array circuit 200 on the lower layer
side. For example, as the electrical connection method, a
connection by a via connecting the wiring layers formed in
the previous step, a connection by TSV (Through-Silicon
Via), or the like may be used. Further, electrically connect-
ing the input part 215 and the output part 225 includes
electrically connecting a peripheral circuit (such as a periph-
eral circuit for driving the word line WL) included in the
input part 215 and a peripheral circuit included in the output
part 225 (such as a peripheral circuit for driving the bit line
BL). Here, an example has been shown in which the output
part 225 of the two-dimensional array circuit 200 on the
lower layer side and the input part 215 of the two-dimen-
sional array circuit 200 on the upper layer side are electri-
cally connected by vias between wiring layers formed in the
previous step, or electrically connected by TSVs, but the
present invention is not limited to this example. For
example, the output part 225 and the input part 215 can be
optically connected by Through-Silicon Photonic Via
(TSPV) by providing surface emitting lasers at the output
part 225 of the two-dimensional array circuit 200 on the
lower layer side and providing light receiving elements at
the input part 215 of the two-dimensional array circuit 200
on the upper layer side. Alternatively, a method using
wireless radio connection by electric or magnetic field
coupling with inductors in the lower and upper layers may
be used.

In the present embodiment, since the output part 225 of
the two-dimensional array circuit 200 on the lower layer side
and the input part 215 of the two-dimensional array circuit
200 on the upper layer side are overlapped in the vertical
direction, the wiring length between the output part 225 and
the input part 215 can be minimized. That is, with this
structure, it is possible to provide the three-dimensional
array device 10 that can suppress an increase in signal delay
and power consumption caused by the wiring length, and
realizes a neural network with low latency and low energy
loss, as compared with the prior art.

[Configuration of Memory Cell]

FIG. 4 is a cross-sectional view showing a configuration
of the memory cell 230 in the three-dimensional array
device 10 according to the first embodiment. As described
above, in the present embodiment, the memory cell 230
includes the selection transistor 232 and the resistive random
access memory 234. However, the configuration illustrated
in FIG. 4 is an example, and is not limited to this example.

In FIG. 4, a substrate 21 functions as a base that supports
the selection transistor 232 and the resistive random access
memory 234. In this embodiment, as the substrate 21, a
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silicon substrate is used, but other substrates such as glass
substrates, resin substrates, metal substrates, ceramic sub-
strates, and the like may be used. When the substrate 21 is
a silicon substrate, an integrated circuit made of a silicon
CMOS may be formed. An insulating layer 22 functions as
an underlayer. In the present embodiment, a silicon oxide
layer is used as the insulating layer 22, but the present
invention is not limited to this example.

A gate electrode 23 is provided on the insulating layer 22.
The gate electrode 23 functions as a bottom gate of the
selection transistor 232 and also functions as the word line
WL illustrated in FIG. 2. The gate electrode 23 has a stacked
structure of a first metal layer 23-1 made of titanium (Ti) and
a second metal layer 23-2 made of titanium nitride (TiN). In
the present embodiment, the film thickness of the first metal
layer 23-1 is 5 nm and the film thickness of the second metal
layer 23-2 is 20 nm, but the present invention is not limited
to this example. In addition, the gate electrode 23 may have
a single-layer structure or may be formed using another
metal layer. For example, as the material of the gate elec-
trode 23, a metal material containing tungsten (W), tantalum
(Ta), molybdenum (Mo), aluminum (Al), copper (Cu), or the
like, or a compound material containing these metal mate-
rials may be used. The gate electrode 23 can be formed by
a sputtering method, for example.

A gate insulating layer 24 is made of hafnium oxide.
However, the present invention is not limited thereto, and a
dielectric layer containing an oxide or a nitride such as
silicon or aluminum may be used as the gate insulating layer
24. The gate insulating layer 24 can be formed using, for
example, ALD (Atomic Layer Deposition) method at 250°
C. In the present embodiment, the thickness of the gate
insulating layer 24 is 8 nm, but the present invention is not
limited to this example.

A channel layer 25 functions as a channel of the selection
transistor 232. In the present embodiment, a metal oxide
called IGZO is used as a component of the channel-layer 25.
1GZ0 is a metal oxide that exhibits semiconductor proper-
ties and is a compound composed of indium (In), gallium
(Ga), zinc (Zn), and oxygen. Specifically, IGZO is an oxide
comprising In, Ga and Zn, or mixtures of such oxides. IGZO
is preferably In, Ga, 0,(Zn0),, (0<x<2, where m is a natu-
ral number O or less than 6), more preferably InGaO,(Zn0O),,
(where m is a natural number O or less than 6), and most
preferably InGaO; (ZnO). When IGZO is amorphous, since
it can be a mixture of compounds with different m micro-
scopically, m does not have to be an integer macroscopically.
In the present embodiment, an 8 nm thick IGZO film is used
as the channel layer 25. IGZO film can be formed by the
sputtering method at room temperature. Instead of 1GZO,
other oxide semiconductors, for example, an oxide contain-
ing In, an oxide containing Zn, an oxide containing Sn, an
oxide containing In and Zn, an oxide containing In and Sn,
an oxide containing Sn and Zn, an oxide containing In, Sn
and Zn, or an oxide composed of another element can be
used as a material for forming the channel layer.

In the present embodiment, the gate insulating layer 24 is
formed of a dielectric layer, and the channel layer 25 is
formed of a IGZO film. Therefore, formation of an interface
layer having a low dielectric constant at the interface
between the gate insulating layer 24 and the channel layer 25
is suppressed, and deterioration in transistor properties can
be suppressed. Such a low dielectric constant interface layer
may be formed between the gate insulating layer 24 and the
channel layer 25 when the channel layer is silicon.

Each of a source electrode 26 and a drain electrode 27
functions as a connection terminal for obtaining an electrical
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connection with the channel layer 25. In the present embodi-
ment, a titanium nitride layer having a film thickness of 20
nm is used as the source electrode 26 and the drain electrode
27. The titanium nitride layer can be formed by, for example,
the sputtering method. However, the present invention is not
limited to this example, and the source electrode 26 and the
drain electrode 27 may be formed using another metal
material. Note that the functions of the source electrode 26
and the drain electrode 27 may be reversed in accordance
with voltages applied to the source electrode and the drain
electrode. That is, the source electrode 26 may function as
a drain electrode, and the drain electrode 27 may function as
a source electrode. Note that the drain electrode 27 functions
as a bottom electrode of the resistive random access memory
234, as will be described later.

The selection transistor 232 is covered with an insulating
layer 28. In the present embodiment, the insulating layer 28
is a silicon oxide layer having a thickness of 200 nm. The
insulating layer 28 can be formed by, for example, a plasma
CVD method or the sputtering method. As will be described
later, the three-dimensional array device 10 of the present
embodiment has a structure in which a plurality of memory
cell array circuits are stacked. Therefore, the insulating layer
28 has a function of isolating and separating the memory cell
array circuit on the lower layer side from the memory cell
array circuit on the upper layer side. The insulating layer 28
also functions as a passivation layer that protects the channel
layer 25 of the selection transistor 232 from moisture and the
like. Furthermore, the insulating layer 28 also functions as a
planarization layer for planarizing the relief caused by the
selection transistor 232. However, the material constituting
the insulating layer 28 is not limited to silicon oxide, and
other insulating materials (for example, an inorganic mate-
rial such as silicon nitride or a resin material such as
polyimide or acrylic) can be used.

The insulating layer 28 has an opening 29. The opening 29
is provided on the drain electrode 27 and exposes the surface
of the drain electrode 27. The opening 29 can be formed by
photolithography and etching, for example. In the present
embodiment, the diameter of the opening 29 is set to 3 pm,
but the present invention is not limited to this example.

A variable resistance layer 30 is provided on the side wall
and the bottom of the opening 29. The variable resistance
layer 30 is formed of a dielectric layer containing hafhium
oxide, and functions as a CER layer of the resistive random
access memory 234. In the present embodiment, the variable
resistance layer 30 is used without patterning the dielectric
layer, but the variable resistance layer 30 may be processed
into a pattern covering the opening 29.

A top electrode 31 is provided on the variable resistance
layer 30 so as to cover the opening 29. The top electrode 31
functions as an electrode of the resistive random access
memory 234 and also functions as the bit line BL illustrated
in FIG. 2. In the present embodiment, the top electrode 31
is formed of the same metal layer as the gate electrode 23 of
the selection transistor 232 in the memory cell array circuit
on the upper layer side. That is, the top electrode 31 and the
gate electrode 23 of the selection transistor 232 in the
memory cell array circuit arranged in the upper layer are
elements of the same layer. Therefore, the top electrode 31
has a stacked structure of a first metal layer 31-1 made of
titanium (T1) and a second metal layer 31-2 made of titanium
nitride (TiN). In this case, as in the case of the gate electrode
23, for example, it can be formed by the sputtering method.

As described above, the resistive random access memory
234 including the bottom electrode (a part of the drain
electrode 27), the variable resistance layer 30, and the top
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electrode 31 is formed inside the opening 29 provided in the
insulating layer 28. The resistive random access memory
234 is connected to the selection transistor 232 via the drain
electrode 27. As illustrated in FIG. 2, the memory cell 230
described above includes the selection transistor 232 having
the word line WL as a gate, and the resistive random access
memory 234 disposed between the selection transistor 232
and the bit line BL.

The three-dimensional array device 10 of the present
embodiment is configured by stacking the memory cell array
circuits (two-dimensional array circuits 200) in which the
above-described memory cells 230 are arranged in an array.
Specifically, the three-dimensional array device 10 has a
device structure in which the memory cells 230 illustrated in
FIG. 4 are stacked in a vertical direction.

FIG. 5 is an enlarged cross-sectional view illustrating a
configuration of the three-dimensional array device 10
according to the first embodiment. Specifically, two-dimen-
sional array circuits 200a to 200¢ are formed on the substrate
21. As shown in FIG. 5, the two-dimensional array circuits
200a to 200c¢ are stacked on the substrate 21 using a thin film
forming process. At this time, selection transistors 232a to
232c¢ of the two-dimensional array circuits 200a to 200¢ are
isolated by means of insulating layers 28a to 28c, respec-
tively.

As shown in FIG. 5, a top electrode 31a of a resistive
random access memory 234a of the two-dimensional array
circuit 200q is formed of a metal layer that is the same layer
as a gate electrode 235 of a selection transistor 2325 of the
two-dimensional array circuit 2005. That is, the top elec-
trode 31a and the gate electrode 235 are elements of the
same layer formed of a metal layer having the same structure
and the same material. Similarly, a top electrode 315 of the
resistive random access memory 2345 of the two-dimen-
sional array circuit 2005 is formed of the same metal layer
as the gate electrode 23¢ of the selection transistor 232¢ of
the two-dimensional array circuit 200c. In other words, in
the present embodiment, the bit line BL (the second wiring
group 220) of the two-dimensional array circuit 200 on the
lower layer side and the word line WL (the first wiring group
210) of the two-dimensional array circuit 200 on the upper
layer side are formed of the same metal layer.

FIG. 6 is a drawing substitute photograph showing the
layout of the two-dimensional array circuitry 200a shown in
the FIG. 3A in the memory cell 230q. FIG. 7 is a plan view
schematically showing the layout of the memory cell 230a
shown in FIG. 6.

In FIG. 6 and FIG. 7, a word line WL1 corresponds to the
gate electrode 23a of FIG. 5, and a bit line BL1 corresponds
to the top electrode 31a of FIG. 5. The memory cell 2304 has
FET1 and ReRAM 1 at the intersection of the word-line
WL1 and the bit line BL1. As described with reference to
FIG. 5,ReRAM 1 is located inside an opening 29a provided
in the insulating layers 28a. In FIG. 6, a circular portion
indicated by an arrow corresponds to the opening 29a.
However, the shape of the opening 29a is not limited to this
example, and may be a polygon.

A source line SL.1 extends parallel to the word line WL1.
As shown in FIG. 7, the source line SL1 is formed integrally
with the source electrode 26a of FET1 (the selection tran-
sistor 2324 in FIG. 5). The bottom electrode of ReRAM 1
(resistive random access memory 234q in FIG. 5) is formed
integrally with the drain electrode 27a of FET1 (selection
transistor 232q in FIG. 5). The word line WL2 is a wiring
formed in the same layer as the bit line BL1, and corre-
sponds to the gate electrode 235 of the selection transistor
2325 in FIG. 5.
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FIG. 8 is a drawing substitute photograph of a cross-
section of FET1 shown in FIG. 6 in the vicinity of channels.
Specifically, FIG. 8 shows a cross-sectional structure in the
vicinity of the channel in the selection transistor 232a shown
in FIG. 5. As shown in FIG. 8, a titanium nitride layer
constituting the gate electrode 23a, a dielectric layer con-
taining hafnium oxide constituting the gate insulating layer
24a, an 1GZO layer constituting the channel layer 254, and
a silicon oxide layer constituting the insulating layer 28« are
uniformly formed in this order from the lower layer.

FIG. 9 is a drawing substitute photograph showing a
cross-sectional configuration of ReRAM 1 shown in FIG. 6.
Specifically, FIG. 9 shows a cross-sectional structure of the
resistive random access memory 234a shown in FIG. 5. As
shown in FIG. 9, a titanium nitride layer constituting the
drain electrode 274, a diclectric layer containing hafhium
oxide constituting the variable resistance layer 30q, and a
titanium layer and a titanium nitride layer constituting the
top electrode 31a are uniformly formed in this order from
the lower layer. As will be described later, in the present
embodiment, a structure in which a titanium layer and a
dielectric layer containing hafnium oxide are in contact with
each other is adopted, whereby a filament formed by oxygen
vacancies is formed inside the dielectric layer.

FIG. 10 is a drawing substitute photograph showing the
layout of the memory cells 2306 of the two-dimensional
array circuit 20056 shown in the FIG. 3B. FIG. 11 is a
drawing substitute photograph showing the layout of the
two-dimensional array circuit 200¢ shown in the FIG. 3C in
the memory cell 230c¢. The memory cell 230a shown in FIG.
6 is arranged under the memory cell 2305 shown in FIG. 10.
In the lower layer of the memory cell 230¢ shown in FIG.
11, the memory cell 230a shown in FIG. 6 and the memory
cell 2305 shown in FIG. 10 are arranged in this order from
the lower layer. The layouts shown in FIG. 6, FIG. 10, and
FIG. 11 correspond to FIG. 3A, FIG. 3B, and FIG. 3C,
respectively, and have positional relationships rotated by 90
degrees counterclockwise in a plan view.

As described above, the three-dimensional array device
10 of the present embodiment is configured by stacking a
plurality of two-dimensional array circuits 200 (a plurality
of memory cell circuits) using a normal thin-film forming
process. In the present embodiment, since an 1GZO layer
that can be formed at room temperature is used as the
channel layer 25 of the selection transistor 232, the three-
dimensional array device 10 can be formed at a low tem-
perature of 400° C. or less. In addition, the selection
transistor 232 using IGZO layer as the channel layer 25 has
a field-effect mobility enough to drive the memory cell 230.
Therefore, according to the present embodiment, it is pos-
sible to provide the three-dimensional array device 10 that
realizes in-memory computing in an Al application using the
deep neural network.

[Characteristics of Three-Dimensional Array Device]|

Characteristics of the selection transistor 232 or the
resistive random access memory 234 constituting the three-
dimensional array device 10 of the present embodiment are
described below.

FIG. 12 is a diagram showing 1d-Vg characteristics of the
selection transistors 232a to 232¢ in the three-dimensional
array device 10 of the first embodiment. “First” indicates the
characteristics of the selection transistor 2324 in the first
two-dimensional array circuit 200q illustrated in FIG. 6.
“Second” indicates the characteristics of the selection tran-
sistor 2326 in the second two-dimensional array circuit 2006
illustrated in FIG. 10. “Third” indicates the characteristics of
the selection transistor 232¢ in the third two-dimensional
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array circuit 200c illustrated in FIG. 11. The source-drain
voltage (Vd) was set at 50 mV or 2V. The channel width and
the channel length were set to 100 um and 10 um, respec-
tively. FIG. 12 also shows the subthreshold factor (SS)
obtained from Id-Vg characteristics.

FIG. 13 is a diagram showing 1d-Vd characteristics of the
selection transistors 232a to 232¢ in the three-dimensional
array device 10 of the first embodiment. The meanings of
“1st”, “2nd”, and *“3rd” are the same as those in F1IG. 12. The
channel width and channel length were set to 100 um and 10
um, respectively. The gate voltage (Vg) was set at 0.5V, 1V,
1.5V or 2V.

As shown in FIG. 12 and FIG. 13, the selection transistors
232a to 232c¢ all exhibit substantially the same transfer
characteristics and output characteristics, and no deteriora-
tion due to the three-dimensional integration process is
observed. Each of the selection transistors 232a to 232¢
realizes a driving current of 200 pA or more. As described
above, in the present embodiment, by using transistors
having a small off-state current, a large on-off ratio, and a
sufficiently large current driving force (specifically, transis-
tors having an IGZO layer as a channel layer) as the
selection transistors 232a to 232¢, memory cells with excel-
lent switching characteristics can be constructed.

FIG. 14 is a diagram comparing the I-V characteristics of
a memory cell composed of the selection transistor 232 and
ReRAM 234 (hereinafter referred to as a “1T1R” cell) and
the I-V characteristics of a memory cell composed of only
a ReRAM 234 (hereinafter referred to as a “1R” cell). The
I-V characteristics of both the “1T1R” cell and the “1R” cell
are overlapped and represented by a plurality of measure-
ments, indicating variations between measurement cycles.
Here, the voltage is applied to the top electrode 31 by
grounding the source electrode 26, and the sweep range of
the set/reset voltage of IR cell is 1V/-1.5V, and the sweep
range of the set/reset voltage of 1T1R cell is 1.5V/-1.8V. In
FIG. 14, the size of ReRAM 234 was set to 3 umx3 pm for
each memory cell. In the selection transistor 232 of 1T1R
cell, the gate voltage at the time of the set/reset operation is
set to 2.5/1.5V.

As shown in FIG. 14, the on-current of the “1T1R” cell is
less than the on-current of the “1R” cell. In the “1T1R” cell,
the select transistor 232 connected to ReRAM 234 acts as a
series resistor. Therefore, the reason why the on-state current
of the “1T1R” cell was measured to be relatively small is
considered to be the effect of the series resistor caused by the
selection transistor 232.

FIG. 15 is a diagram showing the cumulative probabilities
of set/reset voltages of “IT1R” cells and “1R” cells mea-
sured from the I-V characteristics shown in FIG. 14. FIG. 15
shows the variation between measuring cycles of the set/
reset voltages of the “1T1R” and “1R” cells. As shown in
FIG. 15, there was little difference in the set voltage between
the “IT1R” cell and the “1R” cell. However, with respect to
the reset voltage, the “1T1R” cell showed a larger absolute
reset voltage than the “1R” cell. This is because, since
ReRAM 234 is in the high resistance state at the time of
setting, the voltage drop caused by the selection transistor
232 can be ignored, but since ReRAM 234 is in the low
resistance state at the time of resetting, the series resistance
caused by the selection transistor 232 cannot be ignored with
respect to the resistance of ReRAM 234. Therefore, it is
desirable to increase the field-effect mobility of the select
transistor 232 to lower the series resistivity for low-voltage
operation and area reduction of the “1T1R” cell.

FIG. 16 is a diagram obtained by extracting the I-V
characteristics of the “1T1R” cell from the I-V characteris-
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tics shown in FIG. 14. As shown in FIG. 16, the “1T1R” cell
is in a low resistance state in the region indicated by “LRS”
and in a high resistance state in the region indicated by
“HRS”. FIG. 17 is a diagram showing the cumulative
probabilities of the resistance values in the low resistance
state and the high resistance state of the “1T1R” cell
measured from the I-V characteristics shown in FIG. 16.
FIG. 17 shows the variation of the resistivity of a “1T1R”
cell between measuring cycles. The read voltage was set to
0.1V.

As can be seen from FIG. 16 and FIG. 17, the I-V
characteristics of the “1TIR” cell show variations between
measuring cycles in the high-resistance state. On the other
hand, the resistance value in the low-resistance state shows
a substantially uniform distribution. This phenomenon is
considered to be caused by variations in the dissociation of
filaments in the high-resistance state.

FIG. 18 is a diagram showing the I-V characteristics of the
“IT1R” cells in the two-dimensional array circuits 200a-
200c. In FIG. 18, “1st layer,” “2nd layer,” and “3rd layer”
refer to the two-dimensional array circuits 200a-200c,
respectively. Each of the I-V characteristics shown in FIG.
18 is a graph obtained by plotting an average value of results
obtained by measuring a plurality of times per single device
against 11 devices. That is, the variation in the I-V charac-
teristic illustrated in FIG. 18 indicates the variation between
eleven devices. In FIG. 18, the gate voltage during the
set/reset operation is set to 2.5/1.5V. As shown in FIG. 18,
there was no significant difference in I-V characteristics
between the two-dimensional array circuits 200a to 200c.

FIG. 19 is a diagram showing the cumulative probabilities
of resistance values in the low resistance state and the high
resistance state measured from the I-V characteristics of the
two-dimensional array circuits 200a to 200¢ shown in FIG.
18. FIG. 19 illustrates device-to-device variations in the
resistivity of “1T1R” cells in the layers. The read voltage
was set to 0.1V. From the results shown in FIG. 19, in the
two-dimensional array circuits 200a to 200c¢, a range in
which the ratio between the resistance in the LRS state and
the resistance in the HRS state is larger than 10 shows
substantially the same distribution. As a result, it was proven
that the degradation of the memory characteristics by the
three-dimensional stacking process was not observed.

FIG. 20 is a diagram showing rewrite durability properties
of two-dimensional array circuits 200a to 200¢ at room
temperature in respective ReRAM. The durability property
shown in FIG. 20 was measured in a cyclic test in which the
pulse duration was 1 us and Set/Reset potential was 1V/-
1.5V. As shown in FIG. 20, in ReRAM of each layer, no
degradation was observed after 10° cycles of Set/Reset. In
addition, there was no difference in the rewrite durability
characteristics between the three layers. FIG. 21 is a diagram
showing the retention properties of the two-dimensional
arrayed circuits 200a to 200¢ at room temperature in the
respective ReRAM, and no degradation was observed after
12 hours in ReRAM of the respective layers. There was no
difference in the retention properties between the three
layers. As shown in FIG. 20 and FIG. 21, no significant
difference was observed between the two-dimensional array
circuits 200a to 200c, and no decrease in reliability was
observed due to three-dimensional integration.

The present inventors have actually prototyped an XNOR
circuit using the memory cell 230 (“1T1R” cell) having the
configuration shown in FIG. 4.

FIG. 22 is a circuit diagram illustrating a configuration of
the XNOR circuit using two “1T1R” cells. FIG. 23 is a
drawing substitute photograph showing a configuration of a
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memory cell array prototyped by the memory cell 230 of the
first embodiment. FIG. 24 is a line drawing showing a
configuration of an external peripheral circuit used for
measuring the prototype XNOR circuit. FIG. 25A and FIG.
25B are diagrams showing the measured data of the proto-
type XNOR circuit. Specifically, FIG. 25A is a result in the
case of (R, R")=(High, Low) in the circuit diagram shown in
FIG. 22, and FIG. 25B is a result in the case of (R, R")=(Low,
High) in the circuit diagram shown in FIG. 22. When
measuring, the precharge voltage (V-)=0.3V, the reference
voltage (Vzzr)=0.1V, word line voltage (V5;)=1.5V. The
power supply voltage of the external peripheral circuit was
set to 3.3V.

In the XNOR circuit shown in FIG. 22, weight bits (W)
are written to the two ReRAM in a complementary manner.
An input bit (x) is applied to two word lines (WL) in a
complementary manner. The capacitor (Vz;) on the bit line
(BL) is pre-charged via a precharge switch (PC). The
pre-charged capacitor is discharged at a low or high speed
depending on the given weight bit (W) and the input bit (x).
After a certain period of time, the voltage of the bit line (BL)
is compared with the reference voltage (V=) by a com-
parator (comp.) and binarized to obtain a final output bit (y).

As described above, in the XNOR circuit, the operation of
outputting the binary data is performed by using the fact that
the discharging rate of the capacitor differs according to the
difference between the two resistances (R, R') written
complementarily to the two “1T1R” cells and the voltage of
the word line. For example, when W=0, R is set to a low
resistance state (LRS) and R' is reset to a high resistance
state (HRS). At this time, when x=0, ReRAM reset to the
high-resistance state is selected, so that the discharging rate
of'the capacitor becomes slow. On the other hand, when x=1,
ReRAM set to the low-resistance state is selected, and thus
the discharging rate of the capacitor is increased. Therefore,
by appropriately setting the discharge time and the reference
voltage, it is possible to detect the voltage of the bit line (BL)
and output a comparison result with the reference voltage
from the comparator.

As shown in FIG. 25A and FIG. 25B, when the input bit
(x) and the weight bit (W) are the same (when x=W=0 or
when x=W=1), the discharge rate becomes slow. After a
certain period of time has elapsed from the start of discharge,
the voltage of the bit line (BL) remains higher than the
reference voltage (Vzzx). As a result, “1” is output from the
comparator. On the other hand, when the input bit (x) and the
weight bit (W) are different from each other (when x=0 and
W=1 or when x=1 and W=0), the discharging rate becomes
faster. After a certain period of time has elapsed, the voltage
of'the bit line (BL) becomes lower than the reference voltage
(Vzer) As a result, “0” is output from the comparator. With
such an operation, the XNOR operation represented by the
truth table shown in FIG. 22 is performed.

As described above, the normal XNOR operation has
been confirmed in the XNOR circuit prototyped using the
memory cell 230 of the present embodiment.

Modification of the First Embodiment

Although FIG. 4 and FIG. 5 show an example in which a
bottom-gate transistor is used as the selection transistor 232,
the present invention is not limited to this example, and a
top-gate transistor may be used. Further, in FIG. 5, an
example is shown in which the top electrode 31 of the
resistive random access memory 234 provided in the lower
layer is an element of the same layer as the gate electrode 23
of the selection transistor 232 provided in the upper layer
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adjacent to the lower layer, but these may be an element
formed of another layer and separated via the insulating
layer.

FIG. 26 is an enlarged cross-sectional view illustrating a
configuration of the three-dimensional array device 10
according to a modification of the first embodiment. Spe-
cifically, two-dimensional array circuits 200a to 200c¢ each
having a top-gate selection transistor 232 are formed on a
substrate 41. As shown in FIG. 26, the two-dimensional
array circuits 200a to 200¢ are stacked on the substrate 41
using a thin film forming process. At this time, the two-
dimensional array circuits 200a to 200¢ are isolated by
means of insulating layers 43 and 44, respectively. In the
present modification, silicon oxide is used as the material
constituting the insulating layers 43 and 44, but the present
invention is not limited to this example, and other insulating
materials (for example, an inorganic material such as silicon
nitride or a resin material such as polyimide or acrylic) can
be used.

In FIG. 26, the substrate 41 is a silicon substrate, and an
insulating layer 42 is a silicon oxide layer. As the substrate
41 and the insulating layer 42, the same materials as those
of the substrate 21 and the insulating layer 22 shown in FIG.
4 can be used. When the substrate 41 is a silicon substrate,
an integrated circuit made of a silicon CMOS may be
formed. FIG. 26 shows an example in which the two-
dimensional array circuits 200a to 200¢ are stacked on the
substrate 41 and the insulating layer 42 for simplicity of
explanation, but in practice, the two-dimensional array cir-
cuits 2004 and 200e are further stacked on the two-dimen-
sional array circuit 200c. Since each of the two-dimensional
array circuits 200qa to 200¢ has the same structure, a specific
structure of the two-dimensional array circuit 200a will be
described in the following description.

As shown in FIG. 26, a channel layer 51a, a gate
insulating layer 524, a gate electrode 53a, and a sidewall 54a
are provided on the insulating layer 42. In this modification,
1GZO, hatnium oxide, tantalum, and silicon oxide are used
as the components of the channel layer 51a, the gate
insulating layer 52a, the gate electrode 534, and the sidewall
54a, respectively. However, not limited to this example, as
the material constituting the channel layer 51a, the gate
insulating layer 52a, and the gate electrode 53a, the same
material as the channel layer 25, the gate insulating layer 24,
and the gate electrode 23 shown in FIG. 4 can be used. As
a material constituting the sidewall 54a, an insulating layer
other than silicon oxide may be used. The gate electrode 53a
functions as a top gate of the selection transistor 232 and
also functions as a word line WL.

A source electrode 564 is provided on the insulating layer
55a covering the channel layer 51a, the gate insulating layer
52a, the gate electrode 53a, and the sidewall 54a. The source
electrode 56a is connected to the channel layer 51a via a
contact hole formed in the insulating layer 55a. In the
present modification example, silicon oxide and tantalum
nitride are used as materials constituting the insulating layer
55a and the source electrode 56a, respectively, but the
present invention is not limited to this example. Although
not shown, the source electrode 56a is connected to the
source line SL. It is preferable that the gate electrode and the
source/drain electrodes are self-aligned.

An insulating layer 57a is provided on the source elec-
trode 56a. In the insulating layer 554 and the insulating layer
57a, a via hole penetrating therethrough is formed, and an
electrode 58a is provided inside the via hole. In the present
modification example, tantalum nitride is used as a material
constituting the electrode 584, but the present invention is
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not limited to this example. The upper surfaces of the
insulating layers 57a and the electrodes 58a are planarized
using, for example, CMP (Chemical Mechanical Polishing).

A resistive random access memory 234a is provided on
the insulating layer 57q. In this modification, the resistive
random access memory 234a includes the bottom electrode
59a, the variable resistance layer 60q, the first metal layer
61-1a, and the second metal layer 61-2a. The stacked
electrode composed of the first metal layer 61-1a and the
second metal layer 61-2a functions as the top electrode 61a
of the resistive random access memory 234a. In this modi-
fication, the bottom electrode 59a, the variable resistance
layer 60a, the first metal layer 61-1a, and the second metal
layer 61-2a are made of titanium nitride, hafnium oxide,
titanium, and titanium nitride, respectively. The present
invention is not limited to this example, and the bottom
electrode 594 and the top electrode 61a¢ may be made of
another metal material, or the variable resistance layer 60a
may be made of another insulating material.

In the present modification, the resistive random access
memory 234q has a structure called a pillar type. Such a
pillar-type resistive random access memory 234a can be
formed, for example, by stacking a titanium nitride layer, a
hafnium oxide layer, a titanium layer, and a titanium nitride
layer in order from the lower layer, and then performing
etching collectively.

In this modification, the side surface of the resistive
random access memory 234a is covered with an insulating
layer 62a. In such a configuration, after the resistive random
access memory 234a formed by the above-described meth-
ods is covered with the insulating layer 62a, the thickness of
the insulating layer 62a may be reduced by CMP or the like
until the upper surface of the second metallic layer 61-2q is
exposed. However, the present invention is not limited to
this example, and the resistive random access memory 234a
may be formed by any method.

A wiring 63a is provided on the insulating layer 62a. The
wiring 63a functions as a bit line BL. In the present
modification example, tungsten is used as a material con-
stituting the wiring 63a, but the present invention is not
limited to this example. The same material as that of the gate
electrode 53a can be used as the material constituting the
wiring 63a.

On the two-dimensional array circuit 200a having the
structure described above, the two-dimensional array circuit
2005 is provided via the insulating layer 43. The structure of
the two-dimensional array circuit 2005 is the same as that of
the two-dimensional array circuit 200a, and elements having
the same numbers have the same function. As described with
reference to FIG. 3, the two-dimensional array circuit 200a
and the two-dimensional array circuit 2005 have positional
relationships rotated by 90 degrees with each other in a plan
view. Therefore, as shown in FIG. 26, the word line WL
(gate electrode 53a) of the two-dimensional array circuit
200q is substantially orthogonal to the word line WL (gate
electrode 53b6) of the two-dimensional array circuit 2005.
Similarly, the bit line BL (wiring 63a) of the two-dimen-
sional array circuit 200aq is substantially orthogonal to the bit
line BL (wiring 3b) of the two-dimensional array circuit
2005.

The relationship between the two-dimensional array cir-
cuit 200 and the two-dimensional array circuit 2005 is the
same between the two-dimensional array circuit 2005 and
the two-dimensional array circuit 200c¢, and thus a detailed
description thereof will be omitted.

As described above, the insulating layers 43 and 44 are
interposed between the two-dimensional array circuits 200a
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to 200c. Therefore, for example, the output part of the
two-dimensional array circuit 200q is electrically connected
to the input part of the two-dimensional array circuit 2005
through vias provided in the insulating layer 43 (not shown).
Similarly, the output of the two-dimensional array circuit
2005 is electrically connected to the input of the two-
dimensional array circuit 200¢ through vias provided in the
insulating layer 44 (not shown). As described above, in the
present modification, the output part of the two-dimensional
array circuit on the lower layer side and the input part of the
two-dimensional array circuit on the upper layer side are
electrically connected through vias provided in the insulat-
ing layer between the two two-dimensional array circuits.
Therefore, the wiring distance between the output part of the
two-dimensional array circuit on the lower layer side and the
input part of the two-dimensional array circuit on the upper
layer side can be shortened, and the influence of the wiring
delay and the energy loss can be suppressed.

Second Embodiment

In the first embodiment, it is assumed that a binary neural
network is configured by the two-dimensional array circuit
200. Thus, the inputs and outputs of each two-dimensional
array circuit 200 are processed in a digital manner using
digital signals (binary data).

FIG. 27 is a circuit diagram illustrating a configuration of
a memory cell array circuit that executes arithmetic process-
ing in a digital manner. In the memory cell array circuit
shown in FIG. 27, a comparator 240 is arranged at the output
terminal of the bit line BL. The comparator 240 compares
the output data of the bit line BL. with the reference data
(Vzgr)- In the example illustrated in FIG. 27, a 1 bit digital
signal is output in accordance with the output data of the bit
line BL input to the comparator 240.

On the other hand, the two-dimensional array circuit 200
is not limited to the digital system, and it is also possible to
perform input and output by an analog signal and perform
arithmetic processing by an analog system.

FIG. 28 is a circuit diagram illustrating a configuration of
a memory cell array circuit that executes arithmetic process-
ing in an analog manner. Specifically, in the example illus-
trated in FIG. 28, a configuration in which a multiply-
accumulate operation is executed in an analog manner is
illustrated. In the memory cell array circuit shown in FIG.
28, the analog amplifier circuit 250 is arranged at the output
terminal of the bit line BL. The analog amplifier circuit 250
outputs the output signal of the bit line BL. as an analog
signal to output the result of the multiply-accumulate opera-
tion. In the analog amplifier circuit 250, the impedance
connected between the input terminal and the output termi-
nal may be a resistor (R) or a capacitor (C).

In a case where the three-dimensional array device 10 is
configured using the two-dimensional array circuit 200 in
which the arithmetic circuit of the analog system shown in
FIG. 28 is mounted, the analog signal output from the output
part 225 of the two-dimensional array circuit 200 of the
lower layer is input to the input part 215 of the two-
dimensional array circuit 200 of the upper layer. The input
part 215 may input the input analog signal directly to the
word line WL, or may input the input analog signal to the
word line WL after A/D conversion and pulse width modu-
lation. As described above, an analog multiply-accumulate
operation is performable by outputting a signal to the bit line
in accordance with the resistance value of the memory cell
230 and the input pulse time of the analog input signal or the
modulated signal input to the word line WL.
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As described above, the three-dimensional array device
10 described in the first embodiment can execute arithmetic
processing by any of the digital method and the analog
method.

Third Embodiment

In the third embodiment, a three-dimensional array device
10qa having a structure different from the three-dimensional
array device of the first embodiment will be described. Note
that, in the description using the drawings, the same refer-
ence numerals as in the first embodiment are given to
portions common to the first embodiment, and thus detailed
description thereof may be omitted.

FIG. 29 is a diagram showing a configuration of the
three-dimensional array device 10a according to the third
embodiment of the present invention. As illustrated in FIG.
29, the three-dimensional array device 10a includes a con-
trol circuit 100 and two-dimensional array circuits 300a to
300¢ in order from the lower layer. The control circuit 100
controls each operation of the two-dimensional array circuits
300a to 300e. FIG. 29 shows an example in which five-layer
two-dimensional array circuits are stacked, but the present
invention is not limited to this example, and a two-layer or
more layer structure may be employed. In the following
description, when it is not necessary to distinguish between
the two-dimensional array circuits 300a to 300e, they are
collectively referred to as two-dimensional array circuits
300.

As in the first embodiment, the two-dimensional array
circuits 300 are memory cell array circuits based on
ReRAM. The two-dimensional array circuit 300 includes a
first wiring group 310, an input part 315 that inputs a signal
to the first wiring group 310, a second wiring group 320 that
intersects the first wiring group 310, and an output part 325
that outputs a signal from the second wiring group 320. In
the present embodiment, the first wiring group 310 includes
a plurality of word lines. The second wiring group 320
includes a plurality of bit lines. The memory cell is provided
at an intersection of a word line and a bit line. That is,
although not shown, at least one resistive random access
memory (ReRAM) and at least one selection transistor are
arranged as memory cells at the intersection where the first
wiring group 310 and the second wiring group 320 intersect.

The functions of the input part 315 and the output part 325
are the same as those of the input part 215 and the output part
225 of the first embodiment. That is, the input part 315 may
include a peripheral circuit for driving the word line WL,
and the output part 325 may include a peripheral circuit for
driving the bit line BL. Further, electrically connecting the
input part 315 and the output part 325 includes electrically
connecting a peripheral circuit (a peripheral circuit for
driving the word line WL) included in the input part 315 and
a peripheral circuit (a peripheral circuit for driving the bit
line BL) included in the output part 325.

The three-dimensional array device 10a of the present
embodiment has a structure in which the two-dimensional
array circuits 300a to 300e are overlapped so that the
positions of the input part 315 and the output part 325 are
switched from the lower layer to the upper layer. Specifi-
cally, in the three-dimensional array device 10a, the input
part 315 and the output part 325 are alternately arranged in
the vertical direction in a plan view. Therefore, in the
three-dimensional array device 10a of the present embodi-
ment, the input part 315 of the two-dimensional array circuit
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300 on the upper layer side and the output part 325 of the
two-dimensional array circuit 300 on the lower layer side
overlap in a plan view.

Further, as indicated by arrows in FIG. 29, the output of
the two-dimensional array circuit 300 on the lower layer side
is the input of the two-dimensional array circuit 300 on the
upper layer side. That is, the output part 325 of the two-
dimensional array circuit 300 on the lower layer side is
electrically connected to the input part 315 of the two-
dimensional array circuit 300 on the upper layer side.
However, as in the first embodiment, any method may be
used for connection between the input part 315 of the
two-dimensional array circuit 300 on the upper layer side
and the output part 325 of the two-dimensional array circuit
300 on the lower layer side.

In the present embodiment, since the output part 325 of
the two-dimensional array circuit 300 on the lower layer side
and the input part 315 of the two-dimensional array circuit
300 on the upper layer side are overlapped in the vertical
direction, the wiring length between the output part 325 and
the input part 315 can be minimized. That is, with this
structure, it is possible to provide the three-dimensional
array device 10a that can suppress an increase in signal
delay and power consumption caused by the wiring length
and realize a neural network with low latency and low
energy loss as compared with the prior art.

Fourth Embodiment

In the embodiment described above, an example in which
one two-dimensional array circuit is included in each layer
constituting the three-dimensional array device has been
described, but the present invention is not limited to this
example. For example, the three-dimensional array device
may have a structure in which m layer (m is a natural
number) circuit groups are stacked in the three-dimensional
direction, and each layer may have n (n is a natural number)
two-dimensional array circuits. That is, the three-dimen-
sional array device of the present embodiment may be
configured by electrically connecting mxn two-dimensional
array circuits.

In the n two-dimensional array circuits provided in each
layer, the output of the two-dimensional array circuit of the
previous stage and the input of the two-dimensional array
circuit of the subsequent stage are electrically connected.
The output of the final stage of two-dimensional array
circuits in the lower layer is overlapped and electrically
connected to the input of the first two-dimensional array
circuit in the adjacent upper layer in a plan view. The values
of' m and n can be appropriately designed in consideration of
an increase in footprint and an increase in cost due to
multi-layering.

Each of the embodiments described above can be appro-
priately combined as the embodiment of the present inven-
tion as long as they are not mutually contradictory. Based on
each embodiment, appropriately adds, deletes, or changes in
design of the constituent elements, or adds, omits, or
changes in conditions of the steps by a person skilled in the
art are also included in the scope of the present invention as
long as the gist of the present invention is provided.

In addition, it is understood that the present invention
provides other operational effects that are different from the
operational effects provided by the aspects of the above-
described embodiments, and those that are obvious from the
description of the present specification or those that can be
easily predicted by a person skilled in the art.
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What is claimed is:

1. A three-dimensional array device with multiple layers
in a height direction comprising:

a first two-dimensional array circuit located in a first

layer; and

a second two-dimensional array circuit located in a sec-

ond layer adjacent to the first layer and overlapping
with the first two-dimensional array circuit in a plan
view, wherein

each of the first two-dimensional array circuit and the

second two-dimensional array circuit has a first wiring
group, an input part for inputting a signal to the first
wiring group, a second wiring group intersecting with
the first wiring group in a plan view, and an output part
for outputting a signal from the second wiring group,
and

the output part in the first two-dimensional array circuit

overlaps with the input part in the second two-dimen-
sional array circuit in a plan view and is connected in
a signal transferable manner.

2. The three-dimensional array device according to claim
1, wherein the input part in the first two-dimensional array
circuit does not overlap the output part in the second
two-dimensional array circuit in a plan view.

3. The three-dimensional array device according to claim
1, wherein the output part in the first two-dimensional array
circuit is electrically connected to the input part in the
second two-dimensional array circuit through vias.

4. The three-dimensional array device according to claim
1, wherein each of the first two-dimensional array circuit and
the second two-dimensional array circuit is a memory cell
array circuit.

5. The three-dimensional array device according to claim
4, wherein the first wiring group is a wiring group consisting
of word lines, and

the second wiring group is a wiring group consisting of bit

lines.

6. The three-dimensional array device according to claim
4, wherein the memory cell array circuit includes at least one
resistive random access memory and at least one selection
transistor in each memory cell.

7. The three-dimensional array device according to claim
6, wherein the resistive random access memory has a
dielectric layer containing hafhium oxide.

8. The three-dimensional array device according to claim
6, wherein the selection transistor has a channel composed
of an oxide semiconductor containing 1GZO.

9. A three-dimensional array device with multiple layers
in a height direction comprising:

a first two-dimensional array circuit located in a first

layer; and

a second two-dimensional array circuit located in a sec-

ond layer adjacent to the first layer and overlapping
with the first two-dimensional array circuit in a plan
view, wherein

each of the first two-dimensional array circuit and the

second two-dimensional array circuit has a first wiring
group, an input part for inputting a signal to the first
wiring group, a second wiring group intersecting the
first wiring group, and an output part for outputting a
signal from the second wiring group,

the output part in the first two-dimensional array circuit is

located closer to the input part in the second two-
dimensional array circuit than the output part in the
second two-dimensional array circuit, and is connected
to the input part in the second two-dimensional array
circuit in a signal transferable manner, and
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a direction in which the second wiring group extends in
the first two-dimensional array circuit is approximately
parallel to a direction in which the first wiring group
extends in the second two-dimensional array circuit.

10. The three-dimensional array device according to
claim 9, wherein the input part in the first two-dimensional
array circuit does not overlap the output part in the second
two-dimensional array circuit in a plan view.

11. The three-dimensional array device according to claim
9, wherein the output part in the first two-dimensional array
circuit is electrically connected to the input part in the
second two-dimensional array circuit through vias.

12. The three-dimensional array device according to
claim 9, wherein each of the first two-dimensional array
circuit and the second two-dimensional array circuit is a
memory cell array circuit.

13. The three-dimensional array device according to
claim 12, wherein the first wiring group is a wiring group
consisting of word lines, and

the second wiring group is a wiring group consisting of bit
lines.

14. The three-dimensional array device according to
claim 12, wherein the memory cell array circuit includes at
least one resistive random access memory and at least one
selection transistor in each memory cell.

15. The three-dimensional array device according to
claim 14, wherein the resistive random access memory has
a dielectric layer containing hathium oxide.

16. The three-dimensional array device according to
claim 14, wherein the selection transistor has a channel
composed of an oxide semiconductor containing IGZO.

#* #* #* #* #*
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