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Abstract— An ON-state retention of a 40nm-node atom switch
embedded nonvolatile memory (eNVM) has been carefully
investigated for IoT/AI inference solution. Based on ON-
conductance (Gon) tuning model of atom switch, one order of
magnitude lower programming power is achieved while keeping
the same Gon. Smaller ON-state retention dependences on
temperature (E,= 0.2¢V) and time (n = 0.11) are experimentally
clarified and the lifetime is predicted to be more than 10 years at
150°C under +20% shift criteria of Gon.

Index Terms—Atom switch, CBRAM, nonvolatile memory, ON-
state retention

I. INTRODUCTION

In current artificial intelligence (Al) systems in cloud
server, GPUs serve as good accelerators of deep learning
training [1]. Looking into the future, evolution of the Al system
expands from cloud to edge, and training to inference, which
needs high energy efficiency, flexibility and environmental
suitability to support various applications in the IoT/edge.
Especially for in-situ Al training/inference, nonvolatility is
essential. An atom switch is a kind type of electrochemical
resistive-change device using migration of cations (e.g.
CBRAM) [2]-[6]. Fig. 1(a) shows a schematic image of the
atom switch stack. The atom switch is composed of a polymer
solid-electrolyte (PSE) [7]-[9] with an adjacent buffer layer
sandwiched between Cu and Ru-alloy [10], [11] electrodes.
Atom switches have one and only advantage of their wider
tuning range of the on/off conductance ratio which can be
controlled by programming condition. Fig. 1(b) shows a new
concept of atom switch system-on-chip (SoC) for Al hardware
used in mobile/edge, which attains the multiple-use of atom
switches as not only routing switches and lookup table (LUT)
memory bits in nonvolatile field programmable gate array
(FPGA) [12], but also memory bits in embedded nonvolatile
memory (eNVM) [13]. For the nonvolatile memory application,
the retention should be carefully investigated.

In this paper, we discuss (1) ON-state conductance (Gon)
tuning by changing the programming current and pulse width
and (2) ON-state retention after endurance at high temperature
of 150°C of the atom switches fabricated in a 40nm-node 1P9M
CMOS platform.
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Figure 1. (a) Simplified schematics of the atom switch stack. (b) Concept
of atom switch SoC (ASSoC) for realizing the Al hardware used in the
edge/mobile. Atom switches can be simultaneously used as rooting
switches and lookup table (LUT) memory bits in eFPGA, and memory
bits in eNVM.

II. ATOM SWITCH CHARACTERISTICS

A. Fabrication of Atom swtich

Fig. 2 shows a cross-sectional TEM image of the fabricated
atom switches. Atom switches were fabricated on the 4th Cu
interconnects (metal 4) using only two additional photomasks.
Buffer metal oxide, PSE, and Ru-alloy top electrode layers
were deposited on the Cu interconnects through contact holes.
The Cu interconnects are used as bottom electrodes of the atom
switches. The buffer oxide layer effectively prevents oxidation
of the underlying Cu interconnects, and serves as a part of the
solid electrolyte at the same time [14]-[16]. The PSE enables
the forming-less programming and shows high breakdown
voltage [7], [8]. The deposited stack of the atom switch was
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Figure 2. Cross-sectional TEM image of the atom switch integrated
between metal 4 and 5 interconnects on the 40nm-node CMOS platform.

subsequently etched by using a dry process after lithography
patterning, and was then covered with a SiN layer to suppress
Cu diffusion into the nearby insulator layers. The atom switches
were successfully integrated between metal 4 and 5
interconnects on the 40nm-node CMOS.

B. Tuning of ON-conductance

Fig. 3 shows dependence of set programming energy on the
obtained Gon. For the routing switch application in FPGAs, a
high on/off conductance ratio is necessary to transfer/isolate
logic signals. However, such higher conductance ratio requires
higher set programming power. For the eNVM application, it is
essential to reduce the programming power compared to switch
application for FPGAs. In order to clarify the effect of set
programming current (/) and pulse width (f) on Gon, we
introduce a modified Faraday’s law [17] considering set model
of an atom switch shown in Fig. 4;
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Figure 3. Dependence of set programming energy on the obtained
G, . Target G range of atom switches for eNVM application is
indicated by a rectangle. It is essential to reduce the programming
power for the eNVM compared to switch application in FPGAs.
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Figure 4. Set model of an atom switch. The migration behavior of Cu atoms
in the electrolyte layer during set programming is explained by a modified
Faraday’s law [17].

Gon =A- 1" - 1" - exp(EJKT), (1)

where A is a proportional constant, k is a Boltzmann constant,
and 7 is programming temperature. The exponents of the set
programming current m = 1.3, pulse width » = 0.05, and
activation energy E, = 0.001eV are obtained from the equation
(1). For reducing the programming power with keeping the
same Gon for eNVM application, it is revealed that the higher
current with smaller pulse width is the most effective way.

Fig. 5 shows Gon after set programming under various
tuned programming conditions based on the model. The
programming power required to obtain target Gon of about
2.5x10* S for the eNVM application is significantly reduced
by one order of magnitude according to the equation (1). In
addition to that, each of the G,, levels decreases to
approximately 2x10* S after subsequent 260°C baking for 1
hour. This indicates the Gon also shows almost the same
thermal stability as each other.
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Figure 5. G after set programming and after subsequent 260°C

baking for 1 hour under various tuned programming conditions
based on the model. Set programming power is drastically reduced
as the set pulse width decreases while keeping the same G_. In

addition, the thermal stability of each G_ is also almost the same.
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Figure 6. Temperature dependence of delta-G_ (G shift) of the atom switch
after one hour baking at various temperatures. £ =0.2eV is obtained
irrespective of G .

C. Retention of ON-state atom switch

Reduction of Gon during the retention test indicates that the
formed Cu bridge is thermally degraded and collapsed,
resulting in smaller memory window. In order to estimate the
Gon shift after the retention test, dependences of Gon on
temperature and time are evaluated using 16-kb array. Fig. 6
shows temperature dependence of Gon shift (delta-Go,) of the
atom switch after baking at various temperatures for 1 hour. All
the bits had been switched by 10° on/off cycles before the
retention test. The median delta-Gon is used as the typical value.
The delta-G,, increases with increase in the baking temperature,
and E,=0.2¢eV is estimated from the linear relationship between
logarithmic delta-Go, and the reciprocal of the temperature. The
estimated E, 0f 0.2¢eV is irrespective of the prepared Go, ranging
at least from 1.2x10* to 3.0x10* S. Fig, 7 shows ON-state
retention time dependence of delta-Go, of the atom switch with
different Gon levels during high temperature retention test of the
ON-state bits at 200°C.The delta-Goy is also increased with time,
indicating the higher Gon is more stable. From these results, the
lifetime of ON-state at a field operation is estimated by
following an empirical fitting model;

delta-Gon =A" Goy™ - 1" - exp(EJ/kT), 2)
where A’ is a proportional constant. The exponents of Gon m” =
-0.95, pulse width n”=0.11, and E, = 0.2eV are obtained at the
temperature ranging from 25 to 280°C and the retention test
time ranging from 1 to 2000 hours. For an automotive grade,
e.g. 20 years at 150°C, required Gon and delta-Go, criteria are
derived from the equation (2). Fig. 8 shows lifetime estimation
as a function of G, with the automotive grade requirements. It
is shown that Gon = 2.5x10*S with delta-Gon = criteria of 20%
is essential for securing the lifetime of 20 years at 150°C. This
stability is comparable to and/or better than the previous reports
[18], [19].

40
35 - ®Gon=1.2E-4S "
30 B Gon=2.5E-4S /

Gon=5.0E-4S

N
G
,

[

delta-Gon (%)
R

/

Y

5

0 | | |
1 10 100 1000

ON-state Retention Time at 200°C (hour)

10000

Figure 7. ON-state retention time dependence of delta-G_ of the
atom switch with different G, levels during high temperature
retention test of the ON-state bits at 200°C.
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Figure 8. Lifetime estimation as a function of G . For
Gon:2.5x10-48, +20% shift should be allowed for the lifetime of
20 years at 150°C.

III. CONCLUSIONS

Based on a new G, tuning and ON-state retention models
of atom switches, the programming power is successfully
reduced while keeping the same Go, levels. The stable retention
characteristic of Gon on temperature and lifetime is
experimentally estimated to be more than 10 years at 150°C.
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