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This work reports on a heterogeneous integration of resistive memories into the Back-End-of-the-Line of
180 nm standard CMOS foundry chips. A TaOx-based ReRAM technology with materials and processes
fully CMOS compatible has been developed and characterized. A low-cost integration method is applied
to the developed TaOx-based memories to achieve chip level ReRAM–CMOS integration. The integrated
memory devices show working voltages compatible with CMOS circuits operations. Measured SET and
RESET voltages of the ReRAM integrated cells are �1 V and +1.3 V, respectively, demonstrating suitability
for low-voltage applications.
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1. Introduction

Resistive Random Access Memories (ReRAMs) are intensively
investigated as a possible replacement for Flash memories. When
compared to mainstream NAND Flash technology, the main advan-
tages of ReRAMs are low working voltage, fast operating speed [1],
good endurance [2] and, thanks to their simple structure, high
scalability [3]. Furthermore, ReRAMs can be fabricated with mate-
rials that are fully compatible with CMOS technology and with a
suitable thermal budget that allows Back-End-of-the-Line (BEoL)
integration. Combined ReRAM–CMOS processes enable the
creation of a memory layer directly superposed to the CMOS
front-end, reaching a memory density, over n number of ReRAM
layers, of 4F2/n (where F is the feature size). Besides standalone
memories [4,5], ReRAMs are a fundamental building block for
many promising applications such as neuromorphic circuits [6]
and future generation FPGAs [7].

In this paper, we present a heterogeneous integration of
ReRAMs with standard CMOS technology by post-processing the
BEoL of fully-finished CMOS chips. In Section 2, the fabrication
and characterization of CMOS-compatible ReRAM cells are
described. In Section 3, the post-processing technique is discussed
and, in Section 4, the electrical results of the integrated cells are
presented. The conclusion is given in Section 5.
2. ReRAM technology development

In the framework of integrating a ReRAM technology compati-
ble with CMOS processes, we developed a TaOx-based memory
technology targeting low voltage operations. Low temperature
sputtered TiN has been used as electrode material for its compati-
bility with the BEoL, as it is a common diffusion barrier layer for
the metal lines. TaOx has been selected as memory layer for its
retention and endurance characteristics [8]. Fig. 1(a) shows a sche-
matic drawing of the fabricated 20 nm-thick TaOx-based ReRAM
devices. The advantage of a technology development based on
standalone memory cells, instead of using CMOS-integrated
ReRAMs, is an higher fabrication throughput and a simpler test
setup.

First, the bottom electrode is formed by a 200 nm TiN sputter-
ing on a passivated 400 silicon wafer followed by a Cl2/BCl3-based
Reactive Ion Etching (RIE). Then, a 100 nm layer of SiO2 is deposited
by Low-Temperature LPCVD (LTO) at 400 �C for electrical passiva-
tion. To delimit the ReRAM memory stack, VIAs are patterned by
optical lithography. The VIAs, which have diameters of 1, 2, 3, 5
and 10 lm, are etched into the SiO2 passivation by BHF. During
the same process step the LTO is opened to give access to the bot-
tom electrode pads. Then, 10 nm Ta, 20 nm TaOx and 100 nm TiN
layers are deposited by sputtering. The top electrode is defined
by optical lithography followed by RIE. The micrograph in
Fig. 1(b) shows a 10 lm cross-point ReRAM cell.

http://crossmark.crossref.org/dialog/?doi=10.1016/j.mee.2015.03.011&domain=pdf
http://dx.doi.org/10.1016/j.mee.2015.03.011
mailto:jury.sandrini@epfl.ch
http://dx.doi.org/10.1016/j.mee.2015.03.011
http://www.sciencedirect.com/science/journal/01679317
http://www.elsevier.com/locate/mee


Fig. 1. (a) Schematic drawing of the TiN/Ta/TaOx/TiN ReRAM devices. (b)
Micrograph of the fabricated ReRAM cells.

Fig. 3. I–V curve of the fabricated 10 lm TiN/Ta/TaOx/TiN-based ReRAM and the
simulated curve from the model.
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Material characterization of the deposited TaOx layer has been
carried out with Energy Dispersive X-ray (EDX) analysis using a
FEI Tecnai Osiris TEM. Full wafer 20 nm TaOx and TiN layer were
sputtered under the same conditions than for the ReRAM cell.
Fig. 2(a) and (b) shows the EDX result and the depth profiles of
the layers, respectively. Quantification of Ta and O gives 65.1% of
O and 34.9% of Ta or TaO2–0.14.

Electrical characterizations were carried out with an Agilent
B1500 semiconductor device analyzer. Fig. 3 shows the I–V curve
of a 10 lm cross-point ReRAM cell. A DC voltage is applied
between the top and the bottom electrode, sweeping between
�2 V and 2 V. The ReRAM forming operation occurs during the first
sweep from 0 V to +2 V. Then, a sweep from 0 V to �2 V allows the
RESET of the memory, while a DC sweep in the opposite voltage
polarity allows the SET operation. The ReRAM cell shows low-
voltage forming behavior (Vforming = 2 V), therefore a high voltage
forming step was not needed. No current compliance was applied
to the cell. The observed resistances are 8 kX for the Low Resistance
State (LRS) and 160 kX for the maximum High Resistance State
(HRS), with a maximum HRS/LRS ratio of 20. The reset voltage is
1.8 V and the SET voltage is �1.5 V.

The measured I–V curve shows a linear current behavior in the
LRS, exhibiting an ohmic conduction mechanism, and an exponen-
tial I–V relation in the HRS. The HRS conduction mechanism is
(a)

(b)
Fig. 2. EDX analysis showing (a) Ti and Ta atoms and (b) depth profile.
classically associated to tunneling phenomena, i.e., trap-assisted
tunneling, Poole–Frenkel emission, Fowler–Nordheim tunneling
and direct tunneling [9]. The measurement results are compared
with the simulations obtained from the ReRAM Verilog-A compact
model released by Stanford University [10]. This model interprets
the various conduction mechanisms previously mentioned defin-
ing the current as an exponential function of the voltage and the
gap according to the following equations:

Iðg;VÞ ¼ I0e�
g

g0 sinh
V

V0

dg
dt
¼ m0e�

Ea
kT sinh

qacV
toxkT

where g is the gap between the filament end and the electrode, m0 is
velocity containing the attempt to escape frequency, Ea is the
activation energy, a is the hopping site distance, c an enhancement
factor (related to the polarizability of the material and to the non-
uniform potential distribution) and tox is the switching material
thickness.

The simulation result, obtained adapting the model’s fitting
parameters (tox = 20.55 nm, g0 = 350 pm, V0 = 1.2 V, m0 = 19 nm/ns,
I0 = 258 lA, c0, the first value for c = 15.85, g0max, the maximum
value for g0 = 1.7 nm), fits well the measurements, corroborating
the hypothesis that the HRS conduction mechanism is based on
tunneling-based phenomena.
3. Post-processing technique

An integration method for passive memory arrays on top of
CMOS chip front-end is discussed in this section. Integration is
done by post-processing a fully processed CMOS die. Chip-level
post-processing is attractive because it is cheaper compared to
standard wafer-based solutions [11]. From a circuit perspective,
the CMOS die embeds the read/write circuitry used to control the
memory array.

We post-process the chips fabricated in 180 nm CMOS technol-
ogy. A micrograph of the post-processed test chip is shown in
Fig. 4. The chip includes an 8 � 8 crossbar array, single memory
cross-points and various test structures. A TaOx thin film is depos-
ited between the CMOS chip Metal 5 (M5) and an intermediate
metal layer between M5 and M6, which is used in the target
CMOS technology to fabricate Metal–Insulator–Metal (MIM) capaci-
tors. Fig. 5 shows a scanning electron micrograph of the MIM
capacitor, which is electrically connected through VIAs to M6.
The M5, M6 and the MIM layers are made of Al, with an outer



Fig. 4. Micrograph of the post-processed chip. Inset shows the 8 � 8 array of TaOx

devices together with probe pads.
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Fig. 6. Fabrication process steps for the ReRAM–CMOS BEoL integration: (a) carrier
wafer creation by Si DRIE. (b) CMOS chip assembly. (c) Parylene coating. (d)
Parylene RIE. (e) Chip passivation opening. (f) TaOx sputtering.

Fig. 7. Micrograph of the carrier wafer with the embedded CMOS chip.
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Fig. 8. Scanning electron micrograph of an 8 � 8 array with Word and Bit lines in
M6 and M5 metal lines. Inset shows the cross-point where the TaOx active region is
located after the post-processing (at the edge between the MIM layer and the M5).
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TiN barrier layer. There is indeed no difference between the cell
materials of the integrated ReRAM cells and the single cross-points
described in Section 2.

In Fig. 6, the main fabrication steps to fabricate ReRAMs cells
are shown. A carrier wafer is fabricated from a standard 400 Si wafer
after a lithography process to delimit the area where the chip will
be located. The notch to allocate the CMOS chip is created by a Si
Deep Reactive Ion Etching (DRIE) corresponding to the chip high
using a standard Bosh process with SF6 and C4F8. It is critical to
avoid any high mismatch between the Si wafer surface and the
chip to improve the lithography resolution during the next steps.
The chip is then placed in the created notch, which is designed
to compensate the chip dicing tolerances. Fig. 7 shows a micro-
graph of the CMOS chip embedded into the carrier wafer. Within
the chip it is possible to notice the array structures where the
TaOx-based memories will be created. The cavity containing the
chip has one aperture to facilitate the chip release. After embed-
ding the chip in the carrier wafer, a parylene deposition is per-
formed to protect the chip and to ensure its mechanical stability
during the subsequent processing steps. Afterwards, the parylene
layer is selectively etched by O2 RIE to open the areas where the
TaOx must be deposited. Subsequently, the chip passivation is
opened down to Metal 5 (M5) by BHF wet etching and TaOx is
deposited by sputtering with the same deposition recipe used for
the devices reported in Section 2. The parylene layer is then
removed from the chip by lift-off. Fig. 8 depicts the Word line (in
M6) and the Bit line (in M5) of an 8 � 8 crossbar memory array.
The cross section A–A0 on the bottom right shows a single cross-
point included between M5 (bottom electrode) and the MIM
capacitor layer (top electrode). The deposited TaOx creates a resis-
tive switching layer between the boundaries of the top electrode
(the MIM capacitor layer) and M5, as highlighted in the dashed
circle.

The proposed integration method has the advantage of avoiding
high-resolution lithography steps during the chip post-processing,
reducing the total lithography step number and the process cost.
Fig. 5. (a) Scanning electron micrograph of the MIM capacitor. (b) FIB-SEM cross-
section.
4. Electrical results

Electrical tests have been carried out as shown in Fig. 9. The
measurement has been realized with the same test setup pre-
viously described in Section 2. A first read operation shows that
the cells were already in the LRS (no current compliance has been
set during this operation). The pristine resistance value is most
probably caused by the square shape of the cell, which acts as a
field enhancement structure, and because the TaOx film, that is
not embedded into a passivation layer, may have been reduced
during the lift-off process. A DC voltage is applied between the
top and the bottom electrode, sweeping between �1 V and 1.5 V.
For the set operation a current compliance is applied with an exter-
nal parameter analyzer. Low-voltage operation has been observed
with a SET voltage of �1 V and a RESET voltage of +1.3 V. The



Fig. 9. Measured I–V curve of an integrated TaOx-based ReRAM device. The low SET
and RESET voltages are compatible with low-voltage applications.
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voltage levels are compatible with the selected 180 nm CMOS
technology. The 50 nm-thick integrated ReRAM has a LRS of 80 X
and a HRS of 320 X, making it a potential candidate for applica-
tions such as non-volatile FPGAs, where multiplexers can be
replaced by ReRAM devices [7].

The lower operating voltages of the integrated cell, compared to
the standalone ones, are caused by the field enhancement effect of
the MIM capacitor shape. The relatively low obtained resistance
levels are originated by the pristine LRS value. Because the LRS
has a quite small value, the cells, that have high current leakage,
are difficult to reset properly. Moreover, in the integrated cell I–V
curve reported in Fig. 9 it is possible to notice some current
fluctuations during the reset process. Although the origin of these
phenomena is not clear yet, recent interpretations [12] suggest
that it is related to the generation of oxygen vacancies under the
effect of a high electrical field and high currents. These events
occur predominantly in the early reset phase, when the distance
between the cathode and the filament is still modest. The nature
of these phenomena appears to be stochastic: they are present just
for some reset operations. The influence of the MIM capacitor
(3.6 fF for the measured devices), which is electrically in parallel
to the ReRAM cell, is negligible for the obtained measurements.
The RC time constant is indeed less than 1 ps, which is much
smaller than the performed IV sweep step time and smaller than
any ReRAM switching time reported in the literature.
Furthermore the set operation, which is the operation that suffers
more from the capacitor effect due to the transition from HRS to
LRS, does not present any sharp resistance change. Consequently
the capacitor can be discharged gradually avoiding over-forming
effects.

5. Conclusion

TiN/TaOx/TiN-based memories have been fabricated and
characterized, targeting CMOS compatibility and low-voltage
operations. We demonstrated a low cost technique for heteroge-
neous integration of ReRAM devices in the BEoL of fully processed
180 nm CMOS chip. We applied the presented integration scheme
to fabricate standalone memories and achieved ReRAM–CMOS
post-processing integration. The measured integrated ReRAMs
show characteristics with a SET voltage and RESET voltage of
�1 V and +1.3 V respectively.
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