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Abstract

A tunneling-magneto-resistance (TMR)-based memory
-in-logic circuit chip with a spin-injection write scheme,
where nonvolatile storage functions are distributed over a
logic-circuit plane, is fabricated for the first time toward a
standby-power-free VLS| with “quick” wake-up/sleep
functions without re-load/write-back from/into a off-chip
nonvolatile storage system, respectively. Its basic behavior
is successfully confirmed and its usefulness is demonstrated
in comparison with the conventional approach.

Summary

Drastic increase of static power dissipation due to leak-
age current is one of the most serious problems in a recent
nano-scaled VLSI chip. One possible solution is to use a
nonvolatile memory module put outside the VLSI chip,
which completely eliminates the static power dissipation in
the VLSI chip, as shown Fig.1. Fig.1(a) shows a typical
structure of a standby-power-free VLSI system using a
nonvolatile memory module. In order to make the system
“slept” (change “active” mode to “standby” mode), stored
data inside the VVLSI chip is firstly written back into a non-
volatile memory module before shutting down the power
supply. Moreover, in order to make the system “waked up”
(change “standby” mode to “active” mode), stored data
inside the nonvolatile memory module is re-load into the
VLSI chip. Therefore, by this conventional method, it takes
long time to make the system slept (or waked up) and dis-
sipate large power in proportional to the number of stored
data as well as global-wire length between the VLSI chip
and the nonvolatile memory module. In order to solve the
above problems, it is important to implement a nonvolatile
memory-in-logic [1] circuit where nonvolatile storage ele-
ments are distributed over a logic-circuit plane as shown in
Fig.1(b). As a possible approach to the implementation of a
compact memory-in-logic circuit, a ferroelectric-based
functional logic gate, where both logic and storage func-
tions are merged compactly, has been reported [2]. How-
ever, its storage function cannot be used as an ordinary
“register (or latch)” because the number of write/erase en-
durance cycle of ferroelectric materials is limited to less
than 10" times.

For realizing the realistic memory-in-logic circuit with
overcoming the above circuit restriction, a tunnel-
ing-magneto-resistance  (TMR)-based memory-in-logic
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circuit style, hereafter called "TMR logic,” has been pro-
posed [3]. The proposed TMR logic is suitable for a fully
parallel VLSI computation such as motion-vector detection
used in MPEG encoding, where arithmetic operation be-
tween current (external inputs) and reference (stored inputs)
pixels is performed simultaneously [4]. Therefore, in this
paper, we fabricate a TMR-based full adder chip for the
first time with spin-injection TMR devices as a basic
arithmetic unit of the above fully parallel VLSI computa-
tion by employing a 0.18um CMOS/TMR process.

Figs.2(a) and (b) show a cross-sectional TEM image
and an R-I characteristic of a fabricated TMR device used
here consisting of a CoFeB/Ru/CoFeB free-layer, an 1.0nm
MgO tunnel barrier, and a CoFeB fixed layer [5]. As shown
in Fig.2(c), according to the spin (magnetization) direction
of the free layer with respect to that of the fixed layer, the
resistance of the device shows two distinct states; low re-
sistance Rp when the spin directions are parallel and high
resistance Rap When anti-parallel, where the MR ratio
(=100*(Rap-Rp)/Rp) is about 100 percent. Since the fabri-
cated spin-injection type TMR device has a nonvolatile
storage capability, the power supply in TMR logic can be
cut off without destroying the stored data, which com-
pletely eliminates its static power dissipation. Moreover, a
spin-injection TMR device achieves a small cell area and
low power operation in comparison with conventional
magnetic field-type TMR.

As a design example, Fig.3 shows a circuit diagram of
SUM circuit with a one-bit nonvolatile storage capability,
where the output, S from SUM function satisfies
S=A®B®C; (®: Boolean exclusive OR operator). In or-
der to reduce dynamic power dissipation with maintaining
switching speed, the TMR logic circuit is implemented by a
combination of a dynamic current-mode logic (DyCML)
and TMR devices. It consists of three basic components; a
cross-coupled keeper (CCK), a logic-circuit tree and a dy-
namic current source (DCS). The CCK generates comple-
mentary binary outputs in accordance with a magni-
tude-comparison result between two complementary cur-
rent signals, where a small current difference can be imme-
diately detected by using the feedback circuit structure of
the CCK. The use of the DCS makes it possible to cut off
steady current from Vpp to GND, which results in
low-power dissipation. In the proposed hardware, TMR



devices are embedded into the SUM circuit, which reduces
the transistor counts in comparison with those of the corre-
sponding CMOS circuit realization. Its dynamic power dis-
sipation can be also reduced greatly, because of less ac-
tive-device counts. Before performing the arithmetic opera-
tion in the TMR logic-circuit chip, every stored input is
previously programmed. Two access transistors are put as a
peripheral data-write control circuit for programming a
single TMR device. In every TMR device on the same
column of the logic-circuit module array, a pair of dual-rail
bit-lines, BL and BL’, can be shared. While the logic op-
eration is performed in the TMR logic circuit, all the input
voltage signals applied to the word lines are turned off.
Fig.3(b) shows a photomicrograph of the proposed SUM
circuit with a 0. 18um CMOS/TMR process. The effective
area of SUM circuit is about 166pum?.

Fig.4 shows the measured waveforms of the
TMR-based SUM-circuit test chip. In this measurement, the
stored inputs, B and B’, are fixed to be ‘0’ (an anti-parallel
spin-direction state of the TMR device) and ‘1’ (a parallel
spin-direction state), respectively, and the periodic
1.0V-peak-to-peak voltage signals are applied to CLK,
CLK’, A, A’, C; and Cy’, respectively, under Vpp=1.0V. In
this measurement, it is clearly demonstrated that the output
Safter (S right after power-on) is the same as Spefore (S just
before power-off), which means that stored data still remain
even if Vpp is shut down and is turned on again. In this way,
quick wake-up/sleep behavior of the proposed TMR
logic-circuit chip is confirmed without complicated opera-
tion such as re-load/write-back from/into a off-chip non-
volatile storage device.

In order to demonstrate the usefulness of the proposed
circuit, Table 1 summarizes performance evaluation using a
HSPICE simulation under a 0.18um CMOS/TMR process.
In conventional hardware structure, that consists of CMOS
logic gates, SRAM and MRAM, it takes 102 nsec/bit as
well as 40 pJ/bit at “sleep” mode and also takes 42 nsec/bit
as well as 19 pJ/bit at “wake-up” mode. In contrast, there
are no delay as well as no energy consumption in the pro-
posed circuit because stored data has been already memo-
rized into TMR-based nonvolatile devices. Moreover, dy-
namic power dissipation of the proposed circuit is reduced
to 23 percent compared to that of the conventional one,
because the use of the TMR logic-circuit structure makes it
possible to reduce the number of current paths from Vpp to
GND.
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Fig.1: Standby-power-free VLSI system (a) Using a nonvolatile
memory module as a backup storage device, (b) Proposed
TMR-based nonvolatile memory-in-logic circuit.
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Fig.2: TMR device (a) Cross-sectional TEM image, (b) R-I char-
acteristic, (¢) Operation mechanism of a spin-injection type
TMR , (d)Symbol.
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Fig.3: TMR-based SUM circuit with a one-bit stored input
(a)Circuit diagram, (b)Photomicrograph of a fabricated test chip.
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Fig.4: Measured waveforms of a TMR-based SUM circuit chip.
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Table 1: Comparison of full adders including SUM circuit.

CMOS/SRAM/MRAM Proposed
i Delay 224 psec 219 psec
Active
Power@500MHz 71.1 pW 16.3 pW
Standby Power 0 uW 0 pW
Write Delay 2 nsec/bit 3 nsec/bit
(Data update) Energy 4 pJ/bit 4 pJibit
102 nsec/bit )
Sleep *» Delay 2nsec@SRAM cell read 0 nsec/bit
Acti 100nsec@MRAM cell write (6
ctive
[ fo } 40 pd/bit )
Standby Energy 4pJ@SRAM cell read 0 pJ/bit
36pJ@MRAM cell write [6]
42 nsec/bit
Wake-up "9 Delay 40nsec@MRAM cell read (] 0 nsec/bit
Standby 2nsec@ SRAM cell write
[ to } 19 pJ/bit )
Active Energy 15pJ@MRAM cell read [°] 0 pJ/bit
4pJ@SRAM cell write

*1) Delay and energy estimation do not include the effect due to power-line on/off
and data transfer between a CMOS-SRAM chip and an MRAM chip.





