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(57) ABSTRACT 

A bipolar resistive Switching device including an electrically 
conductive bottom electrode, a stack of transition metal 
oxides layers, a number of transition metal oxide layers 
being equal or greater than 2, the stack including: at least one 
MOX layer, at least one oxygen gettering layer NOy, wherein 
the resistive switching device further includes an electrically 
conductive top electrode. 
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RESISTIVE SWITCHING ELEMENT AND 
USE THEREOF 

FIELD OF INVENTION 

0001. The present invention relates to a resistive switch 
ing device consisting of non-stochiometric transition metal 
oxide stack and more precisely to processes for manufac 
turing Such material stack. The present invention also relates 
to a generic memory structure and complementary resistive 
programming. The present invention further relates to a 
circuit utilized for read/write of memory arrays and the 
writing protocol methodology. The present invention further 
encompasses a method of integration of memory arrays with 
the Back End of the Line of the fabricated circuit. 

BACKGROUND 

0002 Bulk CMOS technologies are predicted to face 
crucial technological challenges in the next decade. At the 
same time, novel devices based on Resistive Switching 
Materials (RSM) do not suffer from the same constraints and 
are expected to play a primary role as devices in future 
ultra-large scale integration technologies, for both memory 
and logic applications. 
0003. The interest in these devices is motivated not only 
by their small size, but also their superior characteristics, 
Such as non-volatile memory storage, two-terminal connec 
tion and excellent scalability down to the 1 nm range. The 
RSM, specifically, plays a major role in the current efforts 
towards effective implementation of the device for practical 
applications, with manufacturers currently exploring resis 
tive Switching materials as future bricks for stand-alone 
memories as well as for applications in neuromorphic cir 
cuits as well as logic-in-memory. 

TaOX/CrOy ReRam Element Background 
0004. In literature, transition-metal oxide memory tech 
nologies base their working principle on the change of their 
resistance state due to a modification of the conductivity 
property of the oxide itself. Two major groups of transition 
metal oxide-based resistive Switching elements can be iden 
tified by considering the physical mechanism that drives the 
modification of the resistance state. 
0005. The first group consists of two-terminal devices 
based on metal/oxide switches, such as SiO, Hfo. 1 or 
Al-O, 2. These devices behave as solid-state electrochemi 
cal switches, the resistance of which is defined by a metallic 
filament formation mechanism related to the solid-state 
redox reactions stimulated by the applied electric field 3. 
The writing mechanism does not require opposite Voltage 
polarities. This mechanism is also known as unipolar. 
0006. A second group is related to the vacancy redistri 
bution in transition metal oxide (MO, where M denotes the 
transition metal, O denotes oxygen and the X is a stochio 
metric number) layers upon applying a Voltage and it causes 
the Switching from an insulating to a metallic state. For 
instance, considering TiO, the diffusion of oxygen vacan 
cies transforms the TiO volume into a highly conductive 
TiO2 layer, thus reducing the total resistance of the oxide 
layer. Upon application of an electric field with opposite 
polarity, the redistribution of oxygen vacancies is led toward 
the opposite electrode and total resistance is increased again 
as the proportion of stochiometric TiO, increases with 
respect to TiO. Since the writing of this cell relies on the 
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application of opposite Voltage polarities, the writing 
mechanism is often labeled as bipolar. Note that the unipolar 
or bipolar nature of the switching functionality in MO, 
depends also on the chemical nature of the top and bottom 
electrodes 4. 
0007 To summarize the state-of-the-art, note that the 
resistive memories are composed of an oxide mono-layer 
stacked between 2 metal electrodes. 

Generic Memory Structure and Complementary 
Resistive Programming Background 

0008 Future deeply scaled circuits will see their perfor 
mances limited by the physical limitations of the materials. 
To keep pushing the performance of computation and the 
density of storage, the microelectronics industry envisages 
using more efficient state variable than the electronic charge. 
When considering the resistive Switching materials, excel 
lent Scalability and programming time can be obtained if 
compared to traditional Flash. This is related to the fact that 
RSM can be arranged are simple two-terminal resistive 
Switching devices 1A, 2A. 
0009 While a lot of research effort targets high density 
RSM-based standalone memories 3A, one aim of the 
present invention is the usage of RSM devices for Field 
Programmable Gate Arrays (FPGAs). The reason behind 
this choice is that in reconfigurable logic, up to 40% of the 
area is dedicated to the storage of configuration signals 4A. 
Traditionally, the configuration data is serially loaded in 
SRAM cells, distributed throughout the circuit 5A. As a 
consequence, circuit power on is limited by slow serial 
configuration. To overpass SRAM volatility and loading 
time, Flash NVM have been proposed 6A. Nevertheless, 
the use of a hybrid CMOS-Flash technology results in high 
fabrication cost. Conversely, RSM devices are fabricated 
within the Back-End-of-the-Line (BEoL) metal lines, mov 
ing the configuration memory to the top of the chip and 
reducing the area utilization 7A). Similarly, the RSM 
devices can be utilized in combination with Through-Sili 
con-Via (TSVs), enabling 3-D stacked FPGA architectures 
8A. 
(0010. With the recent development of RSM technology, 
a number of novel FPGA building blocks and architectures 
have been proposed in the past few years. For example, 
routing structures based on RSM devices have shown prom 
ise. In 9A, a cross point for switch-boxes, using the RSM 
devices as non-volatile Switches, is proposed to route signals 
through low-resistive paths, or to isolate them by means of 
high-resistive paths. The concept of routing elements based 
on RSM switches was then exploited in 10A, 11 A for 
timing optimization in FPGAs. 
0011. The present invention appear to offer a complete 
proof of concept of a RSM-based Generic Memory Structure 
(GMS) circuit for FPGAs from technology development to 
architectural evaluation. The main idea is to replace the 
pass-transistors in SRAM-based FPGAs by RSMs. Hence, 
the RSMs store the information in their resistive states and 
can be used either to route signals through low-resistive 
paths, or to isolate them by means of high-resistive paths. 
Such functionality is used to build either routing Multiplex 
ers (MUXs) or configuration nodes. In order to keep the 
programming complexity as per SRAM-based FPGAs, we 
propose an efficient methodology based on the Generic 
Memory Structure (GMS) complementary programming. 
The proposed methodology has been validated by electrical 
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measurements on a fabricated GMS device. Finally, the 
impact of the GMS MUXs and configuration memories is 
studied at the system level over a set of complex bench 
marks. We show that the GMS-based FPGA reduces area by 
7%, while the low on-resistance of RSM devices provide a 
gain of 58% in delay compared to SRAM-based counterpart. 

Read/Write Circuitry Background 
0012. In order to gain full advantages of the RSM device 
arrays, it is crucial for the integration to be CMOS compat 
ible, having a thermal budget compatible with CMOS Back 
End-of-the-Line (BEoL) and the possibility for the memory 
array to be integrated into a CMOS chip by post-processing. 
It is thus crucial that a dedicated read/write circuit is able to 
tackle the issues coming from RSM device arrays and 
specifically implement a dedicated read/write protocol. 

SUMMARY OF INVENTION 

0013. In a first aspect the invention provides a bipolar 
resistive Switching device comprises an electrically conduc 
tive bottom electrode; a stack of transition metal oxides 
layers, a number of transition metal oxide layers being equal 
or greater than 2. The stack comprises at least one MO 
layer, at least one oxygen gettering layer NO. The resistive 
Switching device further comprises an electrically conduc 
tive top electrode. 
0014. In a preferred embodiment the oxygen gettering 
layer comprises a transition metal oxide taken from the list 
comprising: CrO, TiO, H?O, NbO, 
0015. In a preferred embodiment a value of the stochio 
metric number y is in the range 0<ys2. 
0016. In a preferred embodiment values of the stochio 
metric number x is in the range 0<xs.2.5. 
0017. In a preferred embodiment the metal M is taken 
from the list comprising: Cr. Ti, Hf, Ta, Nb. 
0018. In a preferred embodiment the stack of transition 
metal oxide layer further includes at least one layer of metal 
(INTE). 
0019. In a second aspect the invention provides a process 
for manufacturing a bipolar resistive Switching device com 
prising steps of creating a bottom electrode from an elec 
trically conductive material, creating a top electrode from an 
electrically conductive material, and creating a stack of 
transition metal oxide layers sandwiched in between the top 
electrode and the bottom electrode, a number of transition 
metal oxide layers being equal or greater than 2. The stack 
comprises at least one MO, layer, and at least one oxygen 
gettering layer NO. 
0020. In a preferred embodiment of the inventive process 
the oxygen gettering layer comprises a transition metal 
oxide NO, wherein the metal N is taken from the list 
comprising: Cr. Ti, Hf, Nb. 
0021. In a preferred embodiment of the inventive process 
the metal M is taken from the list comprising: Cr. Ti, Hf, Ta, 
Nb 
0022. In a preferred embodiment, the process further 
comprises a step of creating at least one layer of metal to be 
included in the stack of transition metal oxide layers. 
0023. In a preferred embodiment of the inventive process 
the step of creating the electrically conductive bottom elec 
trode comprises starting from an electrically insulated Si 
substrate, and depositing the bottom electrode (BE) lines 
with a lift-off method, the step of creating the stack of metal 
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oxide layers comprises depositing the MO, layer by means 
of sputtering from a MO target, wherein values of the 
stochiometric number Z is in the range 0szs2.5, and evapo 
rating a metallic N layer thereby forming the oxygen get 
tering NO, layer at the interface between N and TaO, and 
the step of creating the electrically conductive top electrode 
comprises starting from the metal oxide layer, and deposit 
ing the top electrode lines with a lift-off method. 
0024. In a preferred embodiment of the inventive process 
a value of the stochiometric numbery is in the range 0<ys2. 
0025. In preferred embodiment of the inventive process 
values of the stochiometric number x is in the range 0<xs2. 
5. 
0026. In a preferred embodiment of the inventive process 
the electrically conductive electrodes in the steps of creating 
the bottom electrode, and creating the top electrode, and the 
metal oxide layers in the step of creating the metal oxide 
layers Stack, are obtained by deposition steps which corre 
spond to one of the following: Sputtering deposition; evapo 
ration method; atomic layer deposition. 
0027. In a preferred embodiment of the inventive process 
the step of creating the stack of metal oxide layers com 
prises: depositing the MO, layer by means of Sputtering 
from a MO target, wherein values of the stochiometric 
number Z is in the range 0s.Zs2.5, and evaporating a metallic 
N layer thereby forming the oxygen gettering NO, layer at 
the interface between N and TaC). The step of creating the 
electrically conductive top electrode comprises starting from 
the metal oxide layer, and depositing the top electrode lines 
with a lift-off method. 
0028. In a preferred embodiment of the inventive process 
the step of creating the electrically conductive bottom elec 
trode comprises depositing bottom electrode lines starting 
from a CMOS circuit. 
0029. In a preferred embodiment of the inventive process 
the step of creating the electrically conductive bottom elec 
trode comprises starting from a CMOS circuit, the CMOS 
circuit comprising conductive electrode lines which are used 
as the electrically conductive bottom electrode. 
0030. In a preferred embodiment of the inventive process 
the step of creating the electrically conductive bottom elec 
trode comprises depositing bottom electrode lines starting 
from an electrically insulated Si substrate. 
0031. In a preferred embodiment of the inventive process 
the step of creating the electrically conductive bottom elec 
trode comprises starting from an electrically insulated Si 
Substrate, the electrically insulated Si Substrate comprising 
conductive electrode lines which are used as the electrically 
conductive bottom electrode. 
0032. In a third aspect the invention provides a circuit 
comprising 2 bipolar resistive Switching devices according 
to the invention, the 2 bipolar resistive switching devices 
being serially connected in Such a way that their polarities 
are opposed. 
0033. In a fourth aspect the invention provides a multi 
plexer circuit comprising a plurality of bipolar resistive 
Switching devices and transistors, wherein the bipolar resis 
tive Switching devices serve as routing Switching and 
wherein transistors serve for programming the multiplexer 
circuit. 
0034. In a fifth aspect the invention provides a read/write 
circuit comprising: a digital controller that has a digital state 
machine configured to control write operation according to 
a protocol; and an analog read circuitry. The latter comprises 
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a high gain differential amplifier, a current comparator and 
a current calibration circuitry designed for a column, 
whereby the analog read circuitry comprises a high gain 
operational amplifier (opamp), a Voltage comparator and a 
voltage calibration circuitry. The read/write circuit further 
comprises a further analog read circuitry to set each un 
selected row Voltage to the same Voltage level as the column 
Voltage levels; a reference Voltage generation block con 
trolled by the digital controller to keep the row and column 
Voltage levels at Sufficient Voltage levels in order to program 
a Resistive Switching Material element contents with mini 
mum current consumption; and column and row decoders 
controlled by the digital controller to select the appropriate 
voltage level on the selected row and selected column. 
0035. In a preferred embodiment of the read/write circuit 
a sequence of write operations is applied and verified by a 
sequence of read operations to ensure that a specific resistive 
Switching material stores a specific resistance state. 
0036. In a preferred embodiment of the inventive pro 
gramming operation each one of the Voltage signals -5 
VsVis+5 V, -5 VsVs+5 V, -5 VsVss+5 V are simul 
taneously applied to each one of the electrodes forming the 
circuit, causing the two bipolar resistive Switching devices 
to simultaneously change resistive state. 

BRIEF DESCRIPTION OF THE FIGURES 

0037. The invention will now be explained in more detail 
by describing preferred embodiments and referring to fig 
ures, wherein: 
0038 FIG. 1 illustrates an example embodiment of a 
transition metal oxide bi-layer stack according to the inven 
tion; 
0039 FIG. 2 illustrates a real device sketch as per the 
embodiment shown in FIG. 1. (a) 3D cross-point RSM 
device concept with fence-like Top Electrode (TE) shape. 
(b) Lateral cross-section view of Pt/TaO/CrO/Cr/Cu cross 
point RSM device. The fence-like TE enables better scal 
ability of the cross-point device thanks to a reduction of the 
intense electric field distribution at the corners; 
0040 FIG. 3 illustrates an example embodiment of a 
multiple transition metal oxide layer stack according to the 
invention; 
0041 FIG. 4 illustrates an example embodiment of a 
multiple transition metal oxide and transition metal layers 
stack according to the invention; 
0042 FIG. 5 illustrates a process flow according to an 
embodiment of the invention. (a) Insulated Si substrate; (b) 
Pt bottom electrode lift-off; (c) TaO, sputtering deposition; 
(d) TE lift-off (e) Sputtering parameters of TaO, with 
increasing radio-frequency power and constant 3 sccm/15 
sccm Art O. flows: 
0043 FIG. 6 illustrates a Scanned Electron Microscope 
(SEM) top view of (a) bottom electrode lines; (b) complete 
64 bit crossbar array of devices with 100 nm half-pitch; (c) 
reconstructed 3-dimensional (3D) image from Atomic Force 
Microscopy (AFM) profile; 
0044) FIG. 7 shows a Pt/TaO/CrO/Cr/Cu cross-point 
device with 900 nmx900 nm cross-point area. (a) Tilted 
SEM image view. Notice the fence-like structures at the 
edges of the TE line. (b) Reconstructed 3D AFM image of 
the pristine cross-point device. Average roughness on TE is 
Os42.6 mm; 
0045 FIG. 8 contains a typical I-V characteristic of the 
Pt/TaO/CrO/Cr ReRAM cell showing resistance ratio of 
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10. Notice very low Vs., 40.8 V and Vest--1 V. After 
fabrication the devices are forming-free and in the ON state; 
0046 FIG. 9 contains a typical I-V characteristic of the 
Al/TiO/Al ReRAM cell after forming with V-1 Vand 
Vesz---0.8 V. Inset shows Volvo -3.4 V, 
0047 FIG. 10 contains an X-ray diffraction pattern on a 
Si wafer demonstrating amorphous TaO/CrO. The peaks 
are related to the presence of Cu and Cr metal layers on top 
of the TaO/CrO, The Si peak comes from the substrate and 
it has been utilized for the calibration of the X-ray diffrac 
tometer, 
0048 FIG. 11 contains a log(I)-log(V) plot of Pt/TaC/ 
CrO/Cr/Cu which shows typical trap-controlled conduction 
of Space-Charge-Limited-Conduction (SCLC) before SET. 
In the SET region, the slope is about 25 and it is indication 
of gradual distribution of defects: 
0049 FIG. 12 contains a log(I)-log(V) plot of the 
Al/TiO/Al which shows typical trap-controlled conduction 
of SCLC with quadratic V dependence before SET condi 
tion, thus following Child’s law dependence. In the SET 
region, the slope is about 50, and it is indication of an abrupt 
distribution of defects; 
0050 FIG. 13 shows an average roughness profiles for 
TaO, cross-points a) Os42.6 nm after fabrication b) Os56.3 
nm after 100 cycles. The broadening is attributed to the 
structural change induced by the motion of oxygen-vacan 
cies upon cycling: 
0051 FIG. 14 contains an XPS depth profile analysis 
showing the presence of both Cr and Ta in oxidized states. 
Both Ta-Oss, and TaO, are present, with more conductive 
TaO., close to the Pt BE and mixture of TaO., and CrO, at 
the Cr/Cu TE: 
0052 FIG. 15 shows a cumulative probability of Low 
Resistance State (LRS), Intermediate Resistance states 1 
(IR1) and 2 (IR2) and High Resistance State (HRS) for 
Pt/TaO/CrO/Cr devices. The LRS, IR1 and IR2 are 
obtained by using SET pulses of 2 ms, 1 ms and 500 us at 
1V, respectively. The HRS is obtained with a 500 us RESET 
pulse at -1 V: 
0053 FIG. 16 shows a cumulative probability of LRS 
and HRS for Al/TiO/Al devices. The LRS and the HRS are 
obtained by using SET and RESET pulses of 500 us at -1 
V and +1 V. respectively; 
0054 FIG. 17 shows LRS and HRS resistance distribu 
tions for increasing V of the Al/TiO/Al cell. The 10 
resistance ratio is constant over a large range of reading 
Voltage; 
0055 FIG. 18 shows measured HRS and LRS values for 
the Pt/TaO/CrO/Cr cell devices with different cross-point 
area demonstrating excellent Scalability, indicating local 
Switching at the nanoscale; 
0056 FIG. 19 shows resistance distributions for multi 
value storages vs. increasing V of the Pt/TaO/CrO/Cr 
cell. The HRS, IR2, IR1, LRS are encoded in 2 bit; 
0057 FIG. 20 shows a baseline FPGA architecture 5A 
(top) and FPGAs area/delay/power repartition per resources 
4A (bottom); 
0058 FIG. 21 contains (a) Si wafer coated with 100 nm 
ALD Al-O insulation layer. (b) Horizontal Al metal lines 
deposited with lift-off defined by e-beam lithography. (c) 10 
nm thick TiO, layer deposited with ALD. (d) Vertical Al 
metal lines deposited as per (b) forming the top electrodes. 
(e) A 64-bit crossbar prototype array with 200 nm half-pitch. 
(f) RSM showing bipolar resistive switching (500 nm half 
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pitch cell). After the forming process SET and RESET 
occurs at negative and positive top electrode Voltages; 
0059 FIG. 22 contains (a) a Cross sectional schematic 
showing the integration of a RSM device integrated between 
the M1 and M2 interconnection levels in the back-end-of 
line. The bottom electrode is thus directly connected to a 
MOSFET selector (bottom) forming a 1-Transistor 1-Resis 
tor (1T1R) memory node; (b) RSM device polarity selection 
by physical design; 
0060 FIG. 23 schematically illustrates GMS comple 
mentary programming: 
0061 FIG. 24 contains a graph showing complementary 
switching operation for the RSM-based GMS; 
0062 FIG. 25 illustrates 4 to 1 multiplexers based on (a) 
pass-gates and (b) ReRAMs; 
0063 FIG. 26 illustrates (a) 4 to 1 multiplexer with 
programming circuits and (b) associated programming dia 
gram to configure output to input D1; 
0064 FIG. 27 shows (a) RSM-based memory node; (b) 
Node in read configuration; and (c) Node in write configu 
ration; 
0065 FIG. 28 contains a line sharing illustration in 
standalone-memory-like architecture; 
0066 FIG. 29 contains a graph showing an electrical 
simulation of a GMS-based 2 to 1 MUX timing response; 
0067 FIG. 30 contains a bar graph illustrating delay 
estimation for FPGAs synthesized with ReRAM- and 
SRAM-based multiplexers: 
0068 FIG. 31 illustrates one of the read operation 
method over 2"x2" RSM stack array cells (1), according to 
a preferred embodiment of the invention; 
0069 FIG. 32 illustrates another method of the read 
operation over 2"x2" RSM stack array (1), according to a 
preferred embodiment of the invention; 
0070 FIG. 33 shows the write operation over 2"x2" 
RSM stack array (1), according to a preferred embodiment 
of the invention; 
0071 FIG. 34 illustrates the writing protocol in order to 
control VPGM and VLH voltage levels, according to a 
preferred embodiment of the invention; 
0072 FIG. 35 shows the elements of an RSM stack, 
according to a preferred embodiment of the invention; 
0073 FIG. 36 shows a CMOS with an MMC layer that is 
connected through a VIA to the top metal electrode, accord 
ing to a preferred embodiment of the invention; 
0074 FIG. 37 shows a CMOS that involves additional 
one or two lithographic steps in order to obtain a RSM stack 
in between the last metal layer and the last via layer, 
according to a preferred embodiment of the invention; 
0075 FIG.38 shows a CMOS die fabricated such that the 
last CMOS BEoL includes patterns that can be used as a 
mask for the definition of top electrodes, according to a 
preferred embodiment of the invention; and FIG. 39 shows 
a detail of a post-processed CMOS die, for which the 
passivation of the top two metal layers has been etched, 
according to a preferred embodiment of the invention. 

DETAILED DESCRIPTION OF THE 
INVENTION 

General Description of the ReRam Switching 
Device 

0076. The present invention provides a device consisting 
of one-or more—stacked layers of non-stochiometric tran 
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sition metal oxides MO, and a non-stochiometric oxygen 
gettering layer also made of transition metal oxide NO, 
sandwiched between two metal electrodes. The application 
of an electric field between the two metal layers imposes a 
current flux through the transition metal oxide stack (RSM 
stack), which might cause an individual resistive Switching 
of the transition metal oxides composing the stack upon 
application of a sufficiently large (positive or negative) 
electric field. 
(0077. This structure differs from the typical RSM stack 
where only one oxide layer type is utilized to form a RSM 
device. 
0078. The present invention further provides a method 
for obtaining the device as described herein. 

First Embodiment 

0079. In a first embodiment, the device consists of a 
bi-layer oxide stack (TaO/CrO) sandwiched between 2 
metal electrodes. The associated fabrication process flow 
can be sketched as the following: 
after the bottom electrode is fabricated (FIG. 1-a), a 1 oxide 
layer is created (FIG. 1-b). The oxide can be formed by 
oxidation of the bottom electrode, or by deposition of the 
oxide with sputtering or evaporation or atomic layer depo 
sition methods. A 1 oxide layer is formed on top or around 
the bottom electrode. Then a 2" oxide layer is formed on top 
of the 1 oxide layer (FIG. 1-c). After the 2" oxide layer is 
formed, a top electrode is deposited on top of the 2" oxide 
layer (FIG. 1-d). 
0080. Note that the deposited materials might results of: 

0081 the forming of an oxide stack with stochiometry, 
with X ranging from 0<Xs2.5 and y ranging from 
0<ys2. 

I0082 the combination of graded TaO, and/or CrO, and 
stochiometrically-defined TaO, and/or stochiometri 
cally-defined CrO. 

I0083) the forming of TaO, and/or CrO, layers are 
doped with any of the elements of the periodic table. 

I0084 More precisely, the device scheme is shown in FIG. 
2-a. The device consists of a Bottom Electrode (BE), a stack 
of TaO, and CrO, oxides and Cr/Cu Top Electrode (TE), as 
depicted in FIG. 2-b. Note that the layers shape (fence like) 
enables better scalability thanks to a reduction of the intense 
electric field distribution at the corners. 
I0085 Generally, the process includes creating a bottom 
electrode, which is made of an electrically conductive or 
semi-conductive material, an electrically conductive TE and 
an oxide stack sandwiched in between TE and BE. The 
fabrication starts from an electrically insulated Si substrate 
or from a fabricated CMOS circuit, then BE lines are 
deposited with a lift-off method. Then a 1 oxide is depos 
ited by means of sputtering of TaO, from a Ta-Os target. 
Then a metallic Cr layer is evaporated and a 2" oxide CrO, 
forms at the interface between Crand TaO. Finally a Cutop 
electrode is evaporated. Cr and Cu are patterned with a 
lift-off technique. Application of the proposed flow to a real 
test stack is given in the next section. 

Device Fabrication 

I0086. The device concept is a cross-point of 2 metal lines 
with a transition metal oxide sandwich (FIG. 2-a). The shape 
of the TE is optimized to improve scalability (FIG. 2-b). 
Bulk-Si wafers are isolated by depositing 100 nm thick 



US 2016/0322 1 0 1 A1 

Al-O with Atomic Layer Deposition (ALD) (FIG. 5-a). 
Then, PMMA bi-layers are patterned with e-beam lithogra 
phy as lift-off masks for 10 nm/80 nm Pt BE deposition 
(FIG. 5-b). In the next step, a second lift-off mask is defined 
and 15 nm TaC, oxide layer (FIG. 5-c) is deposited by 
sputtering from a TaOs target with increasing radio fre 
quency power in Art O. atmosphere (FIG. 5-e). Finally, 50 
nm/100 nm thick Cr/Cu bi-layers TE are deposited by 
e-beam evaporation (FIG. 5-d). For Al/TiO/Al devices, the 
Al electrodes are deposited with e-beam evaporation while 
10 nm thick TiO, is deposited by ALD. In FIG. 6-ab SEM 
images of 100 nm wide BE lines and 64bit passive crossbar 
(consisting of BE lines, transition metal oxide stack and TE 
lines, being the BE lines and the TE lines arranged orthogo 
nally) are shown, respectively. In FIG. 6-c, a 3D recon 
structed AFM profile is shown. About 250 individual 
Pt/TaO/CrO/Cr cross-points for area sizes varying from 
100 nmx100 nm to 1 umx1 um, and 64 bit crossbars with 
half-pitch varying from 100 nmx100 nm to 500 nmx500 nm 
are built on the same sample following the proposed fabri 
cation steps. In FIG. 7-ab, a tilted SEM view, and a 3D 
reconstructed AFM profile of a cross-point device with 
fence-like TE are shown. 

Device Characterization 

0087 Electrical measurements are carried out with an 
Agilent B1500 semiconductor device analyzer. Pulse mode 
sweeps with pulses of 500 us demonstrate forming-free 
Bipolar Resistive Switching (BRS) for Pt/TaO/CrO/Cr 
(FIG. 8). The BRS is obtained for a voltage range of less 
than 1 V with pristine ON state in the same range of the Low 
Resistance State (LRS). This is an important advantage 
compared with non forming-free RSM devices, because the 
forming operation requires higher Voltages. A forming Volt 
age of -3.4 V has indeed been necessary for the Al/TiO/Al 
(FIG. 9), that then show similar performance as the Pt/TaC/ 
CrO/Cr devices. 

Switching Mechanism 

0088. Material characterization has been carried out to 
understand the pristine ON state of Pt/TaO/CrO/Cr. The 
X-ray diffraction pattern of FIG. 10 shows peaks from the 
TE and the Si substrate. The absence of any TaOs or TaC), 
peaks indicates that the material is in amorphous state, due 
to the low deposition temperature. The pristine ON state 
excludes the conductive filament mechanism and observing 
the double logarithmic plot of the I-V curve (FIG. 11), 
quasi-Ohmic regimes with slopes s1 are obtained for 
regions far from the SET condition. Typical trap-assisted 
Space-Charge-Limited-Conduction (SCLC) is observed 
close to the SET condition. The SCLC conduction is also 
observed for Al/TiO/Al devices (FIG. 12) whose slopes 
indicate a more abrupt distribution of trap density, which can 
be related to the different deposition methods. In both 
devices, the resistive Switching mechanism can be attributed 
to Redox reaction linked with the motion of oxygen-vacan 
cies 5.6. Moreover, structural modification is observed 
from the roughness profile of Pt/TaO/CrO/Cr cross-point 
after 100 cycles. As shown in FIG. 13, the Pt/TaO/CrO/Cr 
average roughness (Ra) measured above the TE broadens 
upon cycling. The Ra changes from a pristine 100 nm 
variation (FIG. 13-a) into a 200 nm broad window (FIG. 
13-b), indicating structural modification by the motion of 
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oxygen vacancies upon Switching. In addition, XPS-depth 
analysis (FIG. 14) confirms that Ta-Oss, and TaO, are 
present, with more conductive TaO. close to the Pt BE and 
mixture of TaO, and CrO, at the Cr/Cu TE which is 
consistent with a Redox Switching mechanism. 

Multi-Values Programming 

(0089. Several resistance levels of Pt/TaO/CrO/Cr 
devices can be programmed. As shown in FIG. 15, four 
levels of resistance (encoding 2 bit) are found within a 4 
orders of magnitude range. A larger resistance window of 1 
bit is found for Al/TiO/Al devices, which show a LRS 
around 30S2 and a High Resistance State (HRS) at 1 MS2 
within 2 orders of magnitude variation (see FIG. 16). The 
Al/TiO/Al show stable LRS and HRS in a large V, 
voltage range (FIG. 17). The Pt/TaO/CrO/Cr devices dem 
onstrate excellent scalability, as the HRS/LRS ratio 
improves for smaller device sizes (FIG. 18). For instance, 2 
bit can be written in a Pt/TaO/CrO/Crby using shorter SET 
pulses in order to program the cell in one of the stable 
Intermediate Resistance (IR) states. An example of 2 bit 
storage using LRS, HRS and 2 IRS is demonstrated in FIG. 
19, each level is separated of about one order of magnitude 
from each other for various V. The devices could be 
easily assembled into dense 2.5x10 bit/cm passive cross 
bar arrays whose storage density improves to 10' bit/cm 
thanks to the capability to store multiple resistive levels of 
Pt/TaO/CrO/Cr RSM devices. 

Second Embodiment 

0090. As a second embodiment, the device consists of a 
stack including TaO, and/or CrO, layers that are inter-mixed 
or inter-spaced with additional oxide layers made of transi 
tional metal oxides. In this embodiment, a BE is deposited 
on a substrate (FIG. 3-a). Then, a 1 oxide layer is formed 
on top or around the bottom electrode (FIG. 3-b). Then 
several layers of oxides are formed sequentially on top of the 
previous oxide layers (FIG. 3-c). Finally a TE is deposited 
on top of the last oxide of the stack (FIG. 3-d). 

Third Embodiment 

0091. As a third embodiment, the device consists of a 
stack formed by several layers of transitional metal oxides 
and metals. In this embodiment, an electrically conductive 
BE is formed (FIG. 4-a). Then, a 1 transition metal oxide 
layer is formed on top or around the BE (FIG. 4-b). After the 
1 oxide layer is formed, another transition metal is depos 
ited and an interface with mixture of elements of the 1 
oxide and the deposited transition metal is also formed (FIG. 
4-c). Then another sequence of transition metal oxides and 
transition metals is formed, such that interfaces of transition 
metal oxide layers and transition metal layers are formed 
(FIG. 4-d). Finally a TE is deposited on top of the stack 
(FIG. 4-d). 

Invention Impact 

0092 
0.093 Low voltage operation (1 V range): this enables 
the use of the RSM device into scaled technologies, for 
which the CMOS circuit cannot operate with voltages 
larger than 1 V. 

Perspective performance 
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0094 Multi-value resistive states: this feature 
improves the number of data stored per RSM device, 
thus increasing the density of the stored data; 

0095 Pristine ON condition: this feature enable to 
have RSM devices in the low resistive state already 
after fabrication, thus there is no need of a forming free 
step with special forming Voltages to enable a correct 
functionality of the RSM device itself. 

0096. Forming Free: as per the pristine ON condition, 
this feature allows to avoid forming operations before 
the RSM device can be used for the normal operations 
of writing, reading, etc. 

(0097 Bipolar Resistive Switching: this feature enables 
the use of voltages with opposite polarities for SET and 
RESET operations: 

(0098 R/R ratio up to 6 orders of magnitude: the 
large resistive ratio enables to improve the noise margin 
for the circuits that are implemented for writing and 
reading the RSM devices. 

0099 Scalability down to 1 nm cross-point: this fea 
ture is important to increase density for very advanced 
technology nodes and it gives perspective for its use in 
the next decades. 

Prospective Applications 

0100 FPGAs (forming free, bipolar resistive switch 
ing, low voltage, R/R ratio). In FPGAs, RSM 
devices can be used as routing resource by employing 
the resistance into an RSM as a Switch. Moreover, two 
or more bipolar resistive switching RSM devices can be 
connected in Such a way that a complementary resistive 
switching cell (e.g. GMS) is formed. This is beneficial 
for efficient programming of the RSM-based routing 
resources. Similarly, RSM-devices can also be used as 
standalone memories in FPGAs. The low voltage 
operation and the high Resistance Ratio enable to scale 
the technology and to improve noise margins, respec 
tively. 

10101 Standalone memories (R/R ratio, Multi 
value, Scalability): a large Resistive ratio enables to 
improve noise margin, thus relaxing the requirements 
for the peripheral circuitry needed for the read/write 
operations in standalone memories. It is important to 
notice that the scalability and the multi-valued features 
are extremely important for standalone memories to be 
competitive. 

0102 Dense cross-bars (scalability, multi-value. . . . ); 
As per the previous application, the Scalability and the 
multi-value features are keys for dense cross-bar appli 
cations. 

0103) Neural Networks (multi-value, scalability): The 
RSM-devices can be implemented in neuromorphic 
circuits in specific blocks. For instance, the RSM can 
be utilized to emulate the artificial synapse behavior. 
Due to the requirements of a large number of synaptic 
interconnections and the capability to store a range of 
resistance states to express potentiation and/or depres 
sion of a synaptic interconnect, multi-value and Scal 
ability features are also very important. 

General Description of the Memory Structure and 
Complementary Resistive Programming 

0104. The development of the memristor enables new 
possibilities for computation and non-volatile memory Stor 
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age. The present invention relates to a resistive Switching 
element consisting of two resistive RAM in series connected 
and to a way of programming the resistance state in each of 
the two RSMs. We propose a Generic Memory Structure 
(GMS) and depict its interest for 3D FPGA applications. The 
GMS cell is demonstrated to be utilized for steering logic 
useful for multiplexing signals, thus replacing the traditional 
pass-gates in FPGAs. Moreover, the same GMS cell can be 
utilized for programmable memories as a replacement for 
the SRAMs employed in the look-up tables of FPGAs. A 
fabricated GMS cell is presented and its use in FPGA 
architecture is demonstrated by the area and delay improve 
ment for several architectural benchmarks. 

Architectural Background and Motivation 
0105 FPGAs are regular circuits formed by several iden 
tical reconfigurable logic blocks called Configurable Logic 
Blocks (CLBs) that are surrounded by reconfigurable inter 
connect lines 5A. As depicted in FIG. 20, every CLB is 
formed by a set of N Basic Logic Elements (BLEs). A BLE 
is simply a K-input Look-Up-Table (LUT), whose output 
can be routed to any other LUT input with or without being 
saved in a flip-flop. Every CLB has I inputs coming from 
other CLB outputs. All design parameters N. K and I can be 
set by the FPGA architect depending on the targeted system 
granularity. 
0106 Programmable interconnections between the dif 
ferent blocks are realized by a massive number of multi 
plexers configured by memory cells. FIG. 20 depicts also the 
area/delay/power breakdown of the various components of a 
baseline SRAM-based island-style FPGA. It is noteworthy 
that the customizable resources play a major role in FPGA 
performance, contributing to more than 80% of the total area 
and delay. For this reason, the FPGA architecture can be 
improved by working on memories and their efficient use in 
routing operations. 

ReRAM Technology 
0107. Many different RSM technologies are currently 
investigated. In this section, we will draw some generalities 
and present the fabrication flow. 
General considerations 
0.108 Oxide memory technologies base their working 
principle on the change in resistance state due to a modifi 
cation of the conductivity. Different physical mechanisms 
can be identified in the switching of RSMs 1A. In the 
following, we will focus only on the Bipolar Resistive 
Switching (BRS) mechanism 2A. The BRS mechanism is 
related to the oxygen vacancies redistribution in TiO2 layers 
upon application of a Voltage across the transition metal 
oxide, causing a resistance change from low to high and 
Vice-versa depending on the Voltage polarity. In the follow 
ing, the electrode on top of the RSM structure is defined as 
the positive electrode. 

Experimental Process Flow 
0109. The fabrication flow of the test structures started 
from bulk-Si wafers passivated by a 100 nm thick Al-O 
layer deposited by Atomic Layer Deposition (ALD) (FIG. 
21-a). Next horizontal 70 nm thick Bottom Electrode (BE) 
lines were patterned by lift-off and e-beam evaporation 
(FIG. 21-b). Then, for some devices a 10 nm thickTiO layer 
was deposited with ALD (FIG. 21-c). For other devices a 50 
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nm thick TiO, was deposited by reactive sputtering of a Ti 
target in O/N/Ar atmosphere at room temperature. Finally, 
vertical Top Electrode (TE) lines of the crossbar were 
defined with a second lift-off together with contact areas for 
electrical characterization (FIG. 21-d). The fabrication 
method was demonstrated for crossbar arrays with half-pitch 
down to 100 nm. In FIG. 21-e, a 64-bits crossbar memory 
cell with 200 nm half-pitch is shown. In Table I several 
electrode combinations of TE and BE materials are reported. 

Experimental Measurements 
0110. To achieve consistent BRS, a forming step with low 
current compliance (<100 LA) was performed. A typical 
forming voltage above +3.5 V was found for a positive TE 
voltage, while the BE was grounded. Then consistent BRS 
achieving Rey and R resistive states was measured (FIG. 
21f). Forming operation is not suited for highly distributed 
memory applications, such as FPGAs. Nevertheless, form 
ing-free RSM-devices can be fabricated by the use of 
different methods, and in this study the two devices with 
TiO deposited by reactive sputtering switch without the 
need of a forming step (Table I). This can be attributed to the 
more defective structure of sputtered TiO, which typically 
consists of an heterogeneous mixture of different transition 
metal oxide phases. 

Storage Element Integration Flow 
0111. One of the big advantages of RSM technology is its 
CMOS-compatibility. The materials involved in RSMs are 
deposited at low temperature and can be integrated into the 
Back-End-of-The-Line (BEoL). As an illustration, a sche 
matic cross section of a co-integrated RSM device in series 
with a CMOS transistor is shown in FIG. 22-a. As in 
standalone NOR arrays, illustration includes a storage node 
and a selector transistor in series in the 1-Transistor 1-Re 
sistor (1T1R) configuration. The memory element may be 
fabricated either just after the Si contact formation step or 
after the first steps of interconnections (e.g. on top of Metal 
1 interconnect level). 

Generic Memory Structure 
0112 In order to simplify the programming scheme, a 
GMS structure consisting of two RSM devices connected in 
series is introduced. 

GMS Concept 
0113. As per the previous section, RSMs can be fabri 
cated within the BEoL processing. Hence, it is possible to 
fabricate them between two metal layers (e.g. in between 
Metal 1 and Metal 2, as depicted in FIG.22). Because of the 
BRS of the RSM devices of this study, depending on the 
forming polarity, either the Metal 1 or the Metal 2 terminal 
can be utilized as the positive electrode of the memory, 
giving two possible configurations (see FIG. 22-b). 
0114. In the GMS, two RSM devices are interconnected 
as shown in FIG. 23-a. The positive terminal of the top 
device is connected to the negative terminal of the bottom 
device. This arrangement enables complementary program 
ming of the two RSM devices composing a GMS. We call 
the concurrent programming of the GMS a complementary 
programming operation. A similar programming scheme 
was previously used for low power crossbars 12A. FIG. 
23-b illustrates the programming of the top path (i.e. left to 
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right arrow in the programming graph shown in FIG. 23-d). 
R and R2 are Switched simultaneously to R and to Rey 
respectively. This operation is achieved by grounding the 
common right terminal and biasing the left terminal to V, 
(which corresponds to the SET Voltage -V., for R and to the 
RESET Voltage +V for R). Programming the bottom path 
(see FIG. 23-c) is done by inverting V, and Gnd (which 
corresponds to the RESET Voltage for R and to the SET 
voltage for R). In addition to increasing the programming 
speed, only two voltages are needed (Gnd and V), thanks 
to the complementary Scheme. 

Experimental Validation 
0115 The complementary programming operation has 
been validated by electrical measurements, while the MUX 
performances have been extracted by electrical simulations. 
FIG. 24 depicts the resistance values of R and R of an 
GMS-based MUX21. Resistances are read at VF+0.1 V. 
0116. After a preliminary forming step, R and R are set 
to Rev. The devices are then read for 10 cycles, showing a 
stable non-volatile resistance. Hence RandR are switched 
using the complementary programming operation presented 
in the previous section. During the first write operation SET 
and RESET events are induced on R and R, respectively 
(see FIG. 23-c) by applying a voltage pulse for 500 us. After 
reading the resistance values for another 10 cycles, again 
validating the non-volatility of the resistance states, a second 
complementary Switching operation is performed as 
depicted in FIG. 23-b. Now the resistance states of R and 
R. Switch complementary, as seen in the reading sequence of 
FIG. 24. Note that the resistance values of R and R. do not 
exactly match. This is due to the different RSM device 
geometries and to the large variability of the cells utilized for 
the demonstrator. Nevertheless, improved variability of one 
order of magnitude has been demonstrated for RSM device 
prototypes fabricated with industrial methods 2A. 

GMS-based FPGA Design 
0117. In this section, the operation of a novel multiplexer 
design and a configuration memory based on GMS is 
discussed. 

GMS-Based Multiplexer: Overall Structure 
0118 FIG. 25-a illustrates a 4 to 1 MUX based on CMOS 
transmission-gates arranged in two cascaded stages. In this 
MUX, a unique path is configured between an input D, and 
the output Y. The path is selected by the signals S. Adjacent 
paths are complementary addressed by inverted signals SN. 
The selection signals are permanently driven to ensure a 
constant path selection. Inspired by this structure, the RSM 
based MUX (depicted in FIG. 25-b) uses the unique low 
on-resistance property of the RSM-devices to operate as 
high-performance non-volatile Switches. Thus, it is possible 
to replace the transistor-based pass-gates by the RSM 
devices to obtain a non-volatile MUX. The path selection 
operation is achieved by programming to low resistance 
state all the individual memories that belong to the desired 
path. The others paths are deselected by programming their 
memories to high resistance state. 

GMS-Based Multiplexer: Configuring the MUX Network 
0119 For each RSM-device composing the MUX struc 
ture, a high- or a low-resistive state must be programmed. 
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This individual selection and write operation leads to an 
increase in the programming complexity. In order to sim 
plify this, a complementary programming scheme for the 
RSM-device network is proposed here. Complementary 
programming is explained for a 4 to 1 MUX, however it can 
be generalized to a generic MUX. A two stage 4 to 1 MUX 
and its programming circuit are shown in FIG. 26-a. By 
enabling the V signal (V-1), all the input and output nodes 
of stage i are shorted to the output of the configuration 
flip-flops Q, and Q, respectively. In the example of the 
FIG. 26, nodes n1 to na, n5 and né, and n7 are connected to 
Q, Q and Q respectively. In order to avoid cross program 
ming between different stages, each stage is configured 
sequentially. Hence, for a two stage MUX network, we need 
two steps for configuring a unique path. As an example, we 
illustrate the two steps required to configure the path con 
necting input D to the output Y. All the configuration 
transistors are first turned Off (V-0). A set of digital logic 
levels is then serially fed to the shift register. Voltages are 
chosen to configure the stage in the desired State without 
interfering with the other stages. FIG. 26-b presents the 
configuration scheme for programming the two stages 
sequentially. In the first step (Step 1), the first stage is 
configured to enable the RSM-device connected to the input 
D. This is achieved by applying Q-Gnd and Q=Vh. 
Programming of the Successive stages is disabled by apply 
ing the same Voltage at Q to the upstream stages (i.e., 
Q =V,h). It has to be noted that with this operation also the 
RSM-device connected to the input D is enabled. After 
storing the desired Voltages in the registers, the configura 
tion transistors are turned On (V-1) and the basic elements 
of the stage are programmed in the desired State. After the 
RSM-device programming, all the configuration transistors 
are turned Off. In the next step, the procedure is repeated for 
the second stage, which is configured by enabling the 
RSM-device path between nodes n5 and n7. This is achieved 
by applying Q V, and Q Gnd. At this point, the first 
stage is kept static, without any programming, by applying 
the same voltage as Q to the downstream stages (i.e., 
Q=V.). 
GMS-Based Configuration Memory 
0120 In this section, we present an elementary circuit 
used to move most of the configuration part of reprogram 
mable circuits to the fabrication back-end, reducing their 
impact on fabrication front-end occupancy. Such a memory 
node is dedicated to drive LUT inputs. The memory node is 
based on a unique GMS node and provides intrinsically the 
retained information as a voltage level. Furthermore, it 
allows an efficient layout by sharing lines. 
GMS-Based Configuration Memory: Overall Structure 
0121 The basic memory node is presented in FIG. 27-a. 
The circuit consists of 2 RSM-devices connected in a 
Voltage divider configuration between 2 fixed voltage lines 
(L and L). The memories are operated in a complementary 
manner, in order to improve reliability. The output is 
designed to place a fixed voltage on a conventional standard 
cell input. Read operations are intrinsic with the structure, 
while programming is an external operation to perform on 
the cell. 

GMS-Based Configuration Memory: Read Operation 
0122) A voltage divider is implemented in this topology 

to intrinsically realize the conversion from a bit of data 
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stored as resistance level to a voltage level. FIG. 27-b 
presents a configuration example where the node stores a 
1. Voltage lines L and L are respectively connected to 
V and V. For the sake of illustration, consider that the 
resistive memory R, connected to the V. line, is configured 
to the low resistivity state. The other memory R, connected 
to V, is in the high resistivity state. As a consequence, a 
Voltage divider is configured and the output node is charged 
close to the voltage of the branch with a high conductivity. 
The logic levels depend on Rey and R as per the Voltage 
divider structure. 
I0123. It is also worth noticing that in continuous read 
operation, a current will be established through the resistors. 
This leads to a passive current consumption through the 
structure, which is highly dependent on R. This static 
current can be reduced by the choice of a memory technol 
ogy like Cu/TiO/Pt (Table I) maximizing the R value, 
without any impact on the speed. Indeed, the configuration 
memories are not directly related to the data path and only 
drive static nodes. 

GMS-Based Configuration Memory: Write Operation 
0.124 FIG. 27-c presents the programming phase of the 
node. First, the lines L and L are disconnected from the 
power lines and connected to the programming signals. The 
programming signals are chosen according to the GMS 
programming scheme. FIG. 28 presents the programming 
circuits required to program an array of GMS-based con 
figuration memories. To provide individual access, each 
GMS has its own selection transistor. Thus, the different 
lines can be shared in a standalone-memory-type architec 
ture, yielding a more efficient layout. The different modes 
and programming signals are selected by line-driving 
MUXS. 

Performance Characterization 

0.125. In this section, evaluation of the GMS-based FPGA 
elementary blocks is proposed at the circuit level. The study 
focuses on the block-level metrics Such as area, program 
ming time and energy. 

Methodology 

0.126 To validate the RSM-based building blocks, we 
characterized their performances metrics in terms of area 
and write time. The performance extraction is based on the 
node complexity expressed in terms of the basic elements 
that are required to realize the circuit. The area is extracted 
from basic layout considerations using CMOS 45-nm tech 
nology rules 13A and expressed in half-pitch to give 
values independent of lithography node. Timing and energy 
numbers are extracted from the ITRS 14A. Comparison 
with building blocks traditionally used in FPGA, such as 
CMOS SRAM 5T cells 5A and Flash memory elements 
6A, are then used to evaluate the structures. The associated 
numbers are also extrapolated from the ITRS 14A. Note 
that we are dealing with non-volatile memories. Hence, we 
will stress the comparison with regards to Flash. 

Memory Performance Characterization 
0127 Table II shows some characterization results in 
terms of area, write time and programming energy for the 
proposed solution and traditional FPGA memory nodes. 
Note that this comparison only considers the storage node 
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itself and is not including all the external programming 
circuitry. We observe that the proposed RSM-device is the 
most compact solution with a gain of 3x compared to Flash, 
even with the impact of the programming current on the 
access transistor. This advantage is due to the reduction of 
the memory front-end footprint to only one transistor, com 
pared to 5 for the SRAM cell and 2 for the Flash solution 
(one pull-up transistor coupled to a floating gate transistor). 
In addition, RSM-devices offer a significant writing time and 
programming energy reduction for non-volatile memory 
technologies of 16x and 8x respectively. Finally, note that 
the leakage power depends mainly on the material. Materials 
with a high R should be privileged for low power 
operation. Indeed, Cu/TiO/Pt demonstrates a gain of 2 
orders of magnitude compared to SRAMs. 

Data Path Impact Characterization 
0128 FIG. 29 depicts the timing response of the 2 to 1 
basic multiplexer. The elementary multiplexer structure is 
build with a unique Pt/TiO/Pt-based GMS. The timing 
response was obtained by electrical simulation and com 
pared to a CMOS equivalent counterpart built in 45 nm. 
technology 13 A. We observe a timing improvement of 4.5 
times as compared to CMOS. This remarkable delay reduc 
tion is due to the low on-resistance of the ReRAM tech 
nologies. For instance, at 45 nm the internal resistance of an 
n-type transistor is 3.8 kS2 (minimal size transistor extracted 
from 45 nm design kit 13A), while the RSM technology 
exhibits an on-resistance of hundreds of Ohms. Note that, in 
the proposed MUX design, the programming circuits are not 
related to the data path. Thus, only the RSM parameters 
impact the electrical performance. Finally, as the memories 
are directly used to perform the routing operation, no 
leakage power is dissipated by the MUX (i.e. no permanent 
leakage path exist in the structure), offering significant 
interest for power reduction. 

Architectural Impact 
0129. The demonstrated structure introduces compact 
RSM-devices with low on-resistance in the data paths of the 
FPGAs. In this section, we will study the impact of the 
structure on an architectural perspective. 

Methodology 

0130. A set of logic circuits taken from the MCNC 
benchmark were used, which have been synthesized using 
ABC 15A. The technology mapping was then performed 
with a library of 4-input LUTs (K-4) using ABC as well. 
Subsequently, the logic packing of the mapped circuit into 
CLBs was done with N=10 BLEs per CLB and I=22 external 
inputs using AA-PACK 16A). Finally, the placement and 
routing were carried out using VPR6.016A). Each bench 
mark was first synthesized on an SRAM-based FPGA in the 
CMOS 45 nm process 13A). Then, the SRAM-based 
MUXs were replaced by their RSM-device counterparts 
(Pt/TiO/Pt). The impact of the circuits needed for the 
programming is taken into account for the evaluations. 

Simulation Results 

0131 The benchmarks were mapped in CMOS SRAM 
based and RSM-based FPGAs. The critical path delay 
estimation is shown in FIG. 30. The benchmarks showed an 
area reduction ranging from 4% to 8%, with 7% on average, 
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coming from a slight reduction of the silicon Surface occu 
pied by the routing resources. Note that the complete set of 
programming resources have been considered. The simula 
tions showed a critical path delay reduction ranging from 
43% to 73%, with 58% on average. The reduction is the 
direct impact of the high performances MUXs, introduced 
throughout the data path. This makes the RSM-based FPGA 
potentially faster than the SRAM-based counterparts. In 
addition, the leakage power of the CLBs is reduced by 10%, 
thanks to in-existence of leakage current in the MUX 
Structure. 

Discussions 

0.132. The bipolar resistive switching RSM-devices pre 
sented in this description have been fabricated and electri 
cally characterized in terms of R/R ratio and read/ 
write voltages for a different combination of metal 
electrodes with sputtered or ALD deposition of TiO. As 
reported in Table I, the cells with sputtered TiO, are the only 
ones showing resistive Switching without the need of a 
forming step. RSM-devices made of Pt/sputtered TiO/Pt 
has been chosen to carry out the architectural simulations for 
FPGA because of a better R/R ratio and the compat 
ibility with a +2 V programming voltages. The GMS cells 
are utilized to replace SRAM LUTs in FPGAs in a more 
compact way because RSM-devices are implemented into 
the BEoL. Moreover, the complementary switching mecha 
nism of the GMS cells is utilized also as steering logic. In 
particular, the low Ry memories improve the delay in the 
data paths of FPGAs. Last but not least, RSM-devices can be 
built in different flavors, depending on the objectives in 
terms of delay and power trade-off. For instance, the 
Cu/sputtered TiO/Pt RSM-device of Table I can be 
exploited for its large R. Such a material leads to a 
reduction of the CLB static power consumption of up to 69% 
compared to SRAM FPGAs. 

Prospective Applications 

0.133 Reconfigurable Logic (FPGA/CPLD/PLA/ 
NoCs. . . . ): logic gates can be routed and the routing 
can be programmed by a network of GMS cells to 
program a circuit to provide a specific logic function; 

0.134 stand-Alone Memories: use of the GMS struc 
ture as a unique memory node to reduce the leakage and 
simplify the read/write thanks to unbalanced flip-flops. 

General Description of the Read/Write Circuitry 
0.135 The present invention encompasses, among other 
objects, a read/write CMOS circuitry optimized for the 
read/write operations of RSM arrays implementing a dedi 
cated read/write protocol. 
0.136 The present invention gives the method/s of novel 
read/write circuitry of the resistive memory array cells that 
requires no pass transistor processed underneath each of the 
memory array cell to select the memory cell in order to 
perform read or write operation on the selected cell. In order 
to exploit the functionality of the RSM, the RSM is con 
nected between two conductive electrodes, usually referred 
as the Top Electrode (TE) and the Bottom Electrode (BE), 
forming an RSM device. Moreover, in Very-Large-Scale of 
Integration (VLSI) circuit design, it is highly desirable to 
have RSM devices implemented in very dense arrays, thus 
forming dense arrays of RSM devices arrays. 
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0.137 The present invention further provides a method of 
integration of RSM devices arrays on top of CMOS circuitry 
by post-processing the same CMOS die where the read/write 
circuit has been first fabricated. In one embodiment, the 
method includes the design of the RSM device to be utilized 
in the RSM device array integration. In another embodi 
ment, the method includes the design of the BEoL such that 
it does not require additional masks to pattern VIA, elec 
trodes and resistive Switching materials but only micro 
fabrication post-processing steps. In another embodiment, 
the method of integration utilizes one or more masks to 
define the area of the BEoL where the RSM device arrays are 
designed to be performed. In another embodiment, the 
method of integration utilizes both the features designed in 
the BEoL and additional masks to fabricate RSM device 
arrays. 
0.138. The invention herein described thus provides a 
unique combination, specifically with respect to the follow 
ing points: 
0139 1. Digital circuit design for the implementation of 
a dedicated read/write protocol for RSM memory arrays; 

0140 2. Analog circuit design; and 
0141 3. CMOS BEoL compatible post-processing of the 
CMOS chip and arrays of RSM devices integrated by 
Such post-processing. 

Preferred Embodiments 

0142. The development of a process flow compatible 
with CMOS Back-End-of-Line is fundamental for providing 
large access to this novel technology with a limited devel 
opment costs. The main objective is to develop some inte 
gration techniques that allow to efficiently implement arrays 
of RSM devices on top of dies, processed by conventional 
CMOS foundries. 
0143. One of the big advantages of the RSM technology 

is its CMOS-compatibility. Indeed, the materials involved in 
RSM devices can be deposited at low temperatures, com 
patible with metal line microfabrication processes (e.g. 
BEoL). Different integration options might then be envis 
aged according to a specific RSM device. 

First Example 

Read Circuitry Method I: 
0144. The read circuitry shown in (2) in FIG. 31 needs to 
be implemented for each of the column cells. Each column 
voltage level is set by the VREF voltage through the 
differential amplifier with high gain. And each row Voltage 
level except the row to be read is set to VREF through the 
circuitry marked as (3) and through the row decoder marked 
as (4). The selected row voltage level is set to VGND 
(ground). As the resistive array cell content is changed from 
low resistor value (RL) to high resistor value (RH), the 
current from the resistive array cell (I load) changes from 
VREF/RL to VREF/RH. Therefore the current on M1 tran 
sistor in (2) changes from “I fix VREF/RL to “I fix— 
VREF/RH'. This current change detected in the “Current 
Comparator in (2) that generates OUT<k as “Low Voltage 
Level” if the resistive cell content is “RL' or “High Voltage 
Level if the resistive cell content is “RH. In other 
examples, Current Comparator can be designed in Such a 
way that OUT<k> will be at “High Voltage Level” if the 
resistive cell content is “RL or “Low Voltage Level” if the 
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resistive cell content is “RH'. Calibration circuitry in (2) is 
considered to adjust the current reference to compensate 
process/temperature and Voltage variations on each of the 
elements shown in FIG. 31. 

Second Example 

Read Circuitry Method II: 

(0145 As the selected resistive ram cell content is 
changed from RL to RH, the output voltage of the opamp in 
FIG.32 changes from VREFX(R fix+RL)/RL to VREFX(R 
fix--RH)/RH. Considering R fix equal to RL and RL--RH/ 
10, output voltage of the opamp changes from 2xVREF to 
~1.1VREF. Voltage comparator converts this variation to 
“Low Voltage Level” or “High Voltage Level depending on 
the resistive ram cell content. Calibration circuitry in (5) is 
considered to adjust the Voltage reference to compensate 
process/temperature and Voltage variations on each of the 
elements shown in FIG. 32. 

Third Example 

Write Circuitry: 

0146 To program “high resistive value RH” or “low 
resistive value RL' on a selected row and selected column, 
VPGM voltage drop needs to be applied across the resistive 
ram cell. Depending on the polarity of VPGM, the cell 
content data can be either RL or RH, e.g. applying VPGM 
to ROW and VGND to column programs the cell content as 
RH, applying VGND to ROW and VPGM to column pro 
grams the cell content as RL, or vice versa. In order to keep 
other resistive array cells value not changed, the Voltage 
drop across each of the un-selected cells needs to be kept 
less than “VPGM-GK) V”. In order to set the voltage levels 
accordingly, reference Voltage generation block (10) and 
digital controller (11) is designed to get the proper VPGM 
voltage level and proper VLH level by adjusting Gk) V. It is 
essential to write the entire RSM element with minimum 
Gk) V in order to limit the current consumption over each 
row and column. During write operation, all un-selected 
rows and columns voltage level is set to VLH level. 

Fourth Example 

Writing Protocol: 
0147 Here after follows a pseudo-code description of the 
writing protocol that is described regarding to below 
assumptions and examples. 
0148 RAM Size: NxM (e.g. 128x8) 
0149 N: number of rows 
0150 M: number of columns 
0151 VPGM: Programming voltage 
0152 VLH: Maximum (or minimum) voltage level that 
will not change the cell content 

0153 Assumption 1: Applying “VPGM to column” and 
“VGND to row’ changes the content of the cell to “RH”. In 
this case VLH is close to “VPGM 
0154 Assumption 2: Applying “VGND to column” and 
“VPGM to row’ changes the content of the cell to “RL'. In 
this case VLH is close to “VGND’ 
O155 Logic “0”: RL 
0156 Logic “1”: RH 
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O157 For instance, N: 128, M: 8, VPGM=1V, VLH=900 
mV and RL=10 kS2 

0158 If only one cell is written on the selected row: 
0159 max peak row current for the worst case 
condition=VPGM/RL=100 LA 

0160 max peak column current for the worst case con 
dition=(VPGM-VLH)x(N-1)/RL+VPGM/RL=10 
LAx127+100 LA=1370 LA 

0161 If all cells are written simultaneously on the 
selected row: 

0162 max peak row current for the worst case 
condition=VPGMXM/RL=800 LA 

0163 max peak column current for the worst case con 
dition =(VPGM-VLH)x(N-1)/RL+VPGM/RL=1370 LA 

0164 1. Assign the data to be written to an 8-bit register 
(REG1) 

0.165 2. READ from the selected row and assign the 
read-data to another 8-bit register (REG2). 
0166 i. While Reading, set each un-selected row to 
“VREF voltage of the Op Amp connected to the col 
umns as in (3) and (6) of FIG. 31 and FIG. 32 

(0167 ii. Set selected row to “VGND” 
(0168 3. COMPARE the data in REG1 and REG2. If they 

don’t match, start the WRITE operation. If they matches, 
select the next row and repeat the step 2 and step 3. 

(0169. 4. If REG1 content is not equal to “hex00 then 
WRITE the content of the selected row to “hexFF' and go 
to step 5. If it is equal to “hex00 then go to step 8 to 
perform WRITE operation of logic 0s (RLs). 

(0170 5. WRITE Operation of hexFF on the selected row 
by selecting each column individually 
(0171 i. Set VLH and VPGM voltage levels to their 

initial voltage levels (e.g. 0.9 V and 1 V) 
0172 ii. Set all rows and columns to “VLH. 
(0173 iii. Set selected row to “VGND=0 V 
0.174 iv. Set selected column to be written to “VPGM 
0.175 V. Worst case peak current calculation (assuming 
VPGM=1 V and VLH=900 mV) 
(0176 1. Current on the un-selected rows -->Since 
the maximum Voltage drop across the resistors on the 
un-selected rows is “VPGM-VLH=100 mV, the 
maximum current could be: 100 mV/RL (in this 
example, Imax=100 mV/10 kS2=10 LA) 

0177 2. Current on the selected row -->The maxi 
mum voltage drop is “VPGM=1 V”. Therefore maxi 
mum current is: 1 V/RL = 100 LA 

0.178 3. Current on the un-selected columns 
-->Voltage drop across all resistors except the one on 
the selected row is "O V' since both column and row 
of the un-selected cells are equal to “VLH. But the 
voltage drop of the resistor on the selected row is 
“VLH-0 V. Thus, max current on the un-selected 
column=VLH/RL (900 mV/10 kS2=90 LA) 

0.179 4. Current on the selected columns -->-->Volt 
age drop across all resistors except the one on the 
Selected row is “VPGM-VLH=100 mV. But the 
voltage drop of the resistor on the selected row is 
“VPGM-0 V. Thus, max current on the selected 
column=10 OmVx(N-1)/RL+VPGM/RL (100 
mVx127/10 kS2+1 V/10 kS2=1270 LA+100 
LA=1370 LA 
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0180. 6. After WRITE operation of hexFF, do READ 
from the selected row. Set the column and row voltages 
according to Step 2.i and Step 2.ii. And assign the output 
of this operation to REG2 

0181 7. COMPARE the data in REG2 
0182 i. Check whether REG2 content is hexFF. 
0183) ii. If not, it means that VPGM level is not large 
enough to program the selected cell. So, increase 
VPGM and VLH by DV (e.g. 100 mV) and repeat the 
steps from “5” to “7” 

0184 iii. If yes, then go to step “8”, WRITE operation 
of RLS. 

0185. 8. WRITE operation of all “RL's on the selected 
OW 

0186 i. Set the column index to “0” and select the 
column <0>. 

0187 ii. Then set all rows and columns to “VLH and 
Set VLH as 100 mV. 

0188 iii. If REG1<column index>=“0” then perform 
RL write operation and go to step 8.iv. If it is not “0” 
then increase the column index and go to step 8.ii 

(0189 iv. Set selected row to “VPGM 
0.190 v. Set the selected column to “VGND” 
0191 vi. Worst case current calculation (assuming 
VPGM=1 V and VLH=100 mV) 
0.192 1. Current on the un-selected rows -->Since 
the maximum Voltage drop across the resistors on the 
un-selected rows is “VLH-VGND=100 mV, the 
maximum current could be: 100 mV/RL (in this 
example, Imax=100 mV/10 kS2=10 LA) 

0193 2. Current on the selected row -->the maxi 
mum voltage drop is “VPGM=1 V”. Therefore maxi 
mum current is: 1 V/RL = 100 LA 

0194 3. Current on the un-selected columns 
-->Voltage drop across all resistors except the one on 
the selected row is "O V' since both column and row 
of the un-selected cells are equal to “VLH. But the 
voltage drop of the resistor on the selected row is 
“VPGM-VLH=900 mV. Therefore, max current on 
the un-selected row—VPGM/RL (900 mV/10 kS2=90 
LA) 

0.195 4. Current on the selected columns -->-->Volt 
age drop across all resistors except the one on the 
Selected row is “VLH-VGND=100 mV. But the 
voltage drop of the resistor on the selected row is 
“VPGM-0 V”. Therefore, max current on the 
selected row=VLHx(N-1)/RL+VPGM/RL(VLHx 
127/10 kS2+1 V/10 kS2=1270 LA+100 LA=1370 LA 

(0196 9. After WRITE operation of RLs, do READ from 
the selected row. Set the column and row Voltages accord 
ing to Step 2.i and Step 2.ii. And assign the output of this 
operation to REG2 

0.197 10. COMPARE the data in REG1 and REG2 
(0198 i. Find out whether all RLs of REG1 is pro 
grammed correctly. 

(0199 ii. If not, then it means that VPGM is not large 
enough to program the selected cell. So, increase 
VPGM by 100 mV and repeat the steps from “7” to “8” 

0200 iii. Find out whether none of the RHs of REG1 
is changed to RL in REG2. 

0201 iv. If some or all of the RHs changed to “RL, it 
means the VLH need to be set higher than our expec 
tation. So, increase VLH by 50 mV or 100 mV and 
repeat the steps from “8” to “10. 
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0202 In other examples, writing RHs and RLs on the 
selected row could be done simultaneously for each column 
in step 5 and in step 8. If it is the case then, step 5 and step 
8 could be: 
0203 5. WRITE Operation of hexFF on the selected row 
by selecting all columns 
(0204 i. Set VLH and VPGM voltage levels to their 

initial voltage levels (e.g. 0.9 V and 1 V) 
0205 ii. Set all rows and columns to “VLH. 
0206 iii. Set selected row to “VGND=0 V 
0207 iv. Set all columns to “VPGM 
0208 V. Worst case peak current calculation (assuming 
VPGM=1 V and VLH=900 mV) 
0209 1. Current on the un-selected rows -->Since 
the maximum Voltage drop across the resistors on the 
un-selected rows is “VPGM-VLH =100 mV, the 
maximum current could be: 100 mVXM/RL (in this 
example, Imax=100 mVx8/10 kS2=80 LA) 

0210 2. Current on the selected row -->The maxi 
mum voltage drop is “VPGM=1 V”. Therefore maxi 
mum current is: 1 VXM/RL=800 LA 

0211 3. Current on the un-selected columns -->Volt 
age drop across all resistors except the one on the 
selected row is "O V' since both column and row of 
the un-selected cells are equal to “VLH'. But the 
voltage drop of the resistor on the selected row is 
“VLH-0 V. Thus, max current on the un-selected 
column=VLH/RL (900 mV/10 kS2=90 LA) 

0212 4. Current on the selected columns -->-->Volt 
age drop across all resistors except the one on the 
Selected row is “VPGM-VLH=100 mV. But the 
voltage drop of the resistor on the selected row is 
“VPGM-0 V. Thus, max current on the selected 
column=100 mVx(N-1)/RL+VPGM/RL(100 
mVx127/10 kS2+1 V/10 kS2=1270 LA+100 
LA=1370 LA 

0213 8. WRITE operation of all “RL's on the selected 
OW 

0214 i. Set all rows and columns to “VLH and set 
“VLH as “100 mV. 

0215 ii. Select all columns that needs to be written as 
“RL 

0216 iii. Set selected row to “VPGM 
0217 iv. Set all selected columns to “VGND” 
0218 v. Worst case current calculation (assuming 
VPGM=1 V and VLH=100 mV) 
0219 1. Current on the un-selected rows -->Since 
the maximum Voltage drop across the resistors on the 
un-selected rows is “VLH-VGND=100 mV, the 
maximum current could be: 100 mVXM/RL (in this 
example, Imax=100 mVx8/10 kS2=80 LA) 

0220 2. Current on the selected row -->the maxi 
mum voltage drop is “VPGM=1 V”. Therefore maxi 
mum current is: 1 VXM/RL=800 LA (assuming only 
one cell on the selected row is going to be written) 

0221) 3. Current on the un-selected columns 
-->Voltage drop across all resistors except the one on 
the selected row is "O V' since both column and row 
of the un-selected cells are equal to “VLH. But the 
voltage drop of the resistor on the selected row is 
“VPGM-VLH=900 mV. Therefore, max current on 
the un-selected row=VPGM/RL(900 mV/10 kS2=90 
LA) 
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0222 4. Current on the selected columns -->-->Volt 
age drop across all resistors except the one on the 
Selected row is “VLH-VGND=100 mV. But the 
voltage drop of the resistor on the selected row is 
“VPGM-0 V”. Therefore, max current on the 
selected row=VLHx(N-1)/RL+VPGM/RL(VLHx 
127/10 kS2+1 V/10 kS2=1270 LA+100 LA=1370 LA 

Description of the RSM Device 
0223) As shown in FIG. 35A an RSM is integrated 
between an electrically conductive TE and another electri 
cally conductive BE, forming an RSM device. The RSM 
consists of a Resistive Switching Oxide (RSO), which is a 
transition metal oxide that has the property of modifying its 
resistivity upon application of either an electric field or a 
current flow at the RSO boundaries, and a Selector (SELL) 
element (see FIG. 35B). The SELL has the property of 
defining either voltage or current thresholds to ease the 
selections of a specific RSM device when integrated into 
arrays of RSM devices and can consist of unipolar diodes, 
bidirectional diodes, transistor or an additional RSO. The 
RSO element consists of a stack, the RSO stack, which is 
composed of two RSO elements (RSOA and RSOB) con 
nected by an INTErmediate element (INTE). The INTE 
element can be a transition metal oxide or transition metal or 
a mix of transition metal oxide layers and transition metal 
oxides, impacting the functionality of the RSM device. 

Fifth Example 
0224. The fifth example involves a process exploiting 
embedded features of the CMOS BEoL and as such, it does 
not require any lithographic steps. As shown in FIG. 36A, an 
MMC layer is connected through a VIA (V1) to the TOP 
METAL. The MMC layer is embedded in the BEoL by 
design facing a BOTTOM METAL. The TOP METAL is 
connected to the lower BOTTOM METAL layers (BMLs) 
through VIA (V3) and to the Front-End of the Line (FEoL) 
through VIA (V2). The BOTTOM METAL is connected to 
the FEoL through VIA (V2). The V2 elements consist of 
BMLs and other VIA according to the BEoL technology. In 
the example, the MMC has a certain overlap with an 
underneath BOTTOMMETAL electrode, and by the rules of 
the BEoL technology, the MMC layer distance with the 
BOTTOM METAL is in the range of nanometers up to tens 
of nanometers. After a PASSIVATION opening step (FIG. 
36B), the MMC layer and a section of the BOTTOM 
METAL is exposed. Then an RSM or an RSM device is 
deposited, covering the opening formed by the previous step 
(see FIG. 36C). In this way an RSM device is formed. The 
read/write circuit designed in the FEoL is thus connected to 
RSM elements through the MMC and the BOTTOM 
METAL, which are connected to other metal layers of the 
BEoL as part of the circuit design (done before post 
processing). 

Sixth Example 

0225. In the sixth example, the RSM devices are depos 
ited between the last metal layer of BEoL and the VIAS 
underneath. As an illustration, a schematic cross section and 
a tentative process flow of a co-integrated RSM devices into 
the CMOS BEoL are shown in FIG. 37. As shown if FIG. 
37A the BEoL consists of metal lines and passivation layers. 
Then, in FIG. 37B a passivation via etch step is performed 
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according to a predefined masking step to remove the 
passivation layer over a metal line. In addition, an UPper 
MetaL layer (UPML) is etched utilizing another mask, 
leaving a residual UPML and VIA (VUB) exposed. The 
UPML is connected to BMLs through VUBs. Then an RSM 
or an RSM device deposition sequence is performed, result 
ing in the structure shown in FIG. 37C, providing electrical 
contact between UPMLs and RSM (alternatively, an RSM 
device) or the UPML and the VUB through the RSM 
(alternatively, an RSM device), or the VUBs through the 
RSM (alternatively, an RSM device). The RSMs (alterna 
tively, the RSM devices) are connected to the rest of the 
BEoL through VUBs and UPMLs. 

Seventh Example 
0226 To reduce the number of masking steps, the present 
seventh example, using only a unique step, is developed. As 
shown in FIG.38A, the CMOS die is fabricated such that the 
CMOS BEoL includes patterns that can be used as a mask 
for the definition of the RSM devices. In this way the 
post-processing scheme is dramatically simplified, as it 
requires only one mask for the passivation etch, in case a 
selective passivation etching is required, or none, in the case 
where the passivation layers from the BMLs are not neces 
Sary. 
0227. The BEoL post-processing starts from the etching 
of the passivation layer FIG. 38B. This can require one 
masking step to define the passivation opening area. The 
passivation opening step is carried out to clear the passiva 
tion until at least two metal layers are exposed to the etching 
process FIG. 38B, for which the UPML is used as a 
pre-defined etching mask. Then an RSM or an RSM device 
is deposited on top of the BMLS (see FIG. 38C), to provide 
an electrically functional connection between different 
BMLS elements through the RSM elements (or the RSM 
device elements). 

Eighth Example 
0228. An example of post-processed CMOS chip is 
shown in the SEM image of FIG. 39. The chip BEoL has 6 
metal layers and an MMC layer. The MMC layer is con 
nected with the rest of the BEoL through a VIA and MET6. 
The MMC layer was designed to overlap with MET5 lines, 
so to provide an overlapping region for an RSM or an RSM 
device to be deposited. In FIG. 39, the MET5, MMC and 
MET6 layers are exposed as a consequence of a passivation 
etch step. 

Perspective Performance 
0229. The read/write operation of resistive memory 
arrays. In particular, the invention enables the read/ 
write operation of large arrays of RSM devices. 

0230. The post-processing enables heterogeneous inte 
gration of large arrays of RSM devices with CMOS, 
beneficial for several applications. 

Prospective Applications 

FPGA.S. 

0231. In FPGAs, RSM devices can be used as routing 
resource by employing the resistance of the RSM as a 
switch. Moreover, two or more RSM devices can be con 
nected in Such a way that a complementary resistive Switch 
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ing cell is formed. This is beneficial for efficient program 
ming of the RSM-based routing resources. Similarly, RSM 
can also be used as standalone memories in FPGAs. The low 
Voltage operation and the high Resistance Ratio enable to 
scale the technology and to improve noise margins, respec 
tively. 

Standalone Memories 

0232 A large resistive ratio of the RSM enables to 
improve noise margin, thus relaxing the requirements for the 
peripheral circuitry needed for the read/write operations in 
standalone memories. It is important to notice that the 
scalability and the multi-valued features are extremely 
important for standalone memories to be competitive. 

Dense Cross-Bars 

0233. As per the previous application, the scalability and 
the multi-value features are keys for dense cross-bar appli 
cations. 

Neural Networks 

0234 Arrays of RSM devices might be implemented in 
neuromorphic circuits in specific blocks. For instance, the 
RSM device can be utilized to emulate the artificial synapse 
behavior. Due to the requirements of a large number of 
synaptic interconnections and the capability to store a range 
of resistance States to express potentiation and/or depression 
of a synaptic interconnect, multi-value and scalability fea 
tures are also very important. 
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1-6 (canceled) 
7. A process for manufacturing a bipolar resistive Switch 

ing device comprising steps of 
creating a bottom electrode from an electrically conduc 

tive material; 
creating a top electrode from an electrically conductive 

material; and 
creating a stack of transition metal oxide layers sand 
wiched in between the top electrode and the bottom 
electrode, a number of transition metal oxide layers 
being equal or greater than 2, the stack comprising at 
least one MO, layer, and at least one oxygen gettering 
layer NO. 

8. The process of claim 7 wherein the oxygen gettering 
layer comprises a transition metal oxide NOx, wherein the 
metal N includes at least one member of a group consisting 
of Cr, Ti, Hf, and Nb. 

9. The process of claim 7, wherein the metal M includes 
at least one member of a group consisting of Cr, Ti, Hf, Ta, 
and Nb. 

10. The process of claim 7, further comprising a step of: 
creating at least one layer of metal to be included in the 

stack of transition metal oxide layers. 
11. The process of claim 7, wherein 
the step of creating the electrically conductive bottom 

electrode includes starting from an electrically insu 
lated Si substrate, and depositing the bottom electrode 
(BE) lines with a lift-off method, 

the step of creating the Stack of metal oxide layers 
includes, 
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depositing the MO, layer by means of Sputtering from a 
MO target, values of the stochiometric number Z are in 
the range 0s Zs2.5, and 

evaporating a metallic N layer to form the oxygen get 
tering NO, layer at the interface between N and Tao, 
and 

the step of creating the electrically conductive top elec 
trode includes starting from the metal oxide layer, and 
depositing the top electrode lines with a lift-off method. 

12. The process of claim 7 wherein a value of the 
stochiometric number y is in the range 0<ys2. 

13. The process of claim 7, wherein values of the sto 
chiometric number x are in the range 0<xs.2.5. 

14. The process of claim 7 for which the electrically 
conductive electrodes in the steps of creating the bottom 
electrode, and creating the top electrode, and the metal oxide 
layers in the step of creating the metal oxide layers stack, are 
obtained by deposition steps which correspond to at least 
one of the following: 

sputtering deposition; 
evaporation method; and 
atomic layer deposition. 
15. The process of claim 7, wherein 
the step of creating the Stack of metal oxide layers 

comprises: 
depositing the MO, layer by Sputtering from a MO target, 

values of the stochiometric number Z are in the range of 
0<Zs2.5, and 

evaporating a metallic N layer to form the oxygen get 
tering NO, layer at the interface between N and TaO, 
and 

the step of creating the electrically conductive top elec 
trode includes starting from the metal oxide layer, and 
depositing the top electrode lines with a lift-off method. 

16. The process of claim 15, wherein the step of creating 
the electrically conductive bottom electrode comprises: 

depositing bottom electrode lines starting from a CMOS 
circuit. 

17. The process of claim 15, wherein the step of creating 
the electrically conductive bottom electrode comprises: 

starting from a CMOS circuit, the CMOS circuit includ 
ing conductive electrode lines which are used as the 
electrically conductive bottom electrode. 

18. The process of claim 15, wherein the step of creating 
the electrically conductive bottom electrode comprises: 

depositing bottom electrode lines starting from an elec 
trically insulated Si substrate. 

19. The process of claim 15, wherein the step of creating 
the electrically conductive bottom electrode comprises: 

starting from an electrically insulated Si substrate, the 
electrically insulated Si substrate including conductive 
electrode lines which are used as the electrically con 
ductive bottom electrode. 

20. (canceled) 
21. A multiplexer circuit comprising: 
a plurality of bipolar resistive Switching devices and 

transistors, wherein the bipolar resistive Switching 
devices serve as routing Switching, and wherein tran 
sistors are configured to program the multiplexer cir 
cuit. 

22. A read/write circuit comprising: 
a digital controller that has a digital state machine con 

figured to control write operation according to a pro 
tocol; 
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an analog read circuitry including, 
a high gain differential amplifier, 
a current comparator, 
a current calibration circuitry designed for a column, 
a high gain operational amplifier, 
a voltage comparator, and 
a voltage calibration circuitry; 

a further analog read circuitry to set each un-selected row 
Voltage to a same Voltage level as the column Voltage 
levels; 

a reference voltage generation block controlled by the 
digital controller to keep the row and column Voltage 
levels at Sufficient Voltage levels in order to program a 
Resistive Switching Material element contents with 
minimum current consumption; and 

column and row decoders controlled by the digital con 
troller to select an appropriate Voltage level on the 
Selected row and selected column. 

23. The read/write circuit of claim 22, 
wherein a sequence of write operations is applied and 

verified by a sequence of read operations to ensure that 
a specific resistive Switching material stores a specific 
resistance state. 

24. (canceled) 
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