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Abstract—0.5V operation and power-gating ability of
nonvolatile SRAM (NV-SRAM) cell using pseudo-spin-FinFETs
(PS-FinFETs) are investigated. The cell is configured so as to
achieve a minimum occupied-area design, i.e., all the FinFETs
used in the cell are designed with a single fin channel. The 0.5V
operations are analyzed from various static noise margins
(SNMs) for the normal operation and nonvolatile power-gating
(NVPG) modes. The SNMs for all the normal (hold, read, and
write) operations are satisfactorily large even for the 0.5V
operation, although the wordline underdrive technique is needed
to be introduced for the read operation. The SNMs for the store
operations of the NVPG mode also satisfy requirements for the
shutdown and wake-up operations, when bias-assisted techniques
are employed for the PS-FinFETs of the cell. Energy
performance of the NV-SRAM cell is evaluated using break-even
time (BET). A sufficiently short BET applicable to fine-grained
NVPG of microprocessors and SoCs can be achieved even for the
0.5V operation with the various bias-assisted techniques. In
addition, store-free shutdown architecture is further effective at
reducing BET. Average power of the cell can be dramatically
reduced by 0.5V operation, although the reduction rate depends
on the leakage current during shutdown mode and the
proportion of shutdown period. This FinFET-based NV-SRAM
cell using pseudo-spin-transistor architecture is promising for
NVPG of low-voltage logic systems.
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I. INTRODUCTION

Low-voltage operation (e.g., 0.5V) of CMOS logic systems
has received considerable attention owing to its ability of
dramatic reduction of dynamic and static power dissipation [1].
Since the proportion of static power to dynamic power
increases for low-voltage operations, various reduction
techniques for static power would still be important even for
low-voltage CMOS logic systems. In particular, nonvolatile
power-gating (NVPG) [2-9] is expected to be a promising
architecture for low-voltage CMOS logic systems, since it can
achieve highly energy-efficient power-gating with spatially-
and temporally-optimized granularity. Recently, we proposed a
NVPG architecture using nonvolatile bistable circuits such as
nonvolatile SRAM (NV-SRAM) and nonvolatile flip-flop
(NV-FF) using pseudo-spin-transistors [2-12]. These bistable
circuits can simply be configured by connecting pseudo-spin-
MOSFETs (PS-MOSFETs) to the storage nodes of
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standard/conventional SRAM/FF cells. The PS-MOSFET is a
circuit for reproducing spin-transistor functions using a spin-
transfer-torque magnetic tunnel junction (STT-MTJ) connected
to the source terminal of an ordinary MOSFET [2,4-12]. These
NV-SRAM and NV-FF circuits can be realized by application
of present MRAM technology to CMOS logic platform.

Pseudo-spin-transistors employing FinFETs (hereafter,
referred to as PS-FinFETs) are attractive for the NVPG
architecture adaptable to FinFET-based high-performance logic
systems, since PS-FinFETs have excellent spin-transistor
performance with higher current drivability and lower leakage
characteristics [13]. The high current drivability of PS-FinFETs
is remarkably suitable for low-voltage operations, and thus PS-
FinFETs would introduce nonvolatile functionality into low-
voltage CMOS logic systems.

In this paper, we computationally investigated 0.5V
operation and energy performance of a NV-SRAM cell
employing PS-FinFETs.

II. PS-FINFET DESIGN AND CHARACTERISTICS

Figures 1(a) and (b) show the schematic illustration and
circuit configuration of the proposed PS-FinFET, respectively.
The effective input bias Vgsy and also body-source (substrate)
bias Vg are modulated by the magnetization configuration of

TABLE L. FINFET AND STT-MTJ PARAMETERS

FinFET

Channel length: L 20nm

Supply voltage: Vg 0.9V
0.5V

Fin width 15nm

Fin height 28nm

Fin No. of NV-SRAM

Load,Driver,Pass,PS-FinFET:

(N Nep,Nep, Neps) (1,1,1,1)

STT-MTJ

Tunneling magnetoresistance: TMR 100%

Resistance-area product: RA (P mag.) 2 Q-um?
Voltage at half-maximum of TMR: V,,+ 0.5V

CIMS critical current density: J 5x10¢ A/cm?
Device diameter: ¢ 20 nm
CIMS critical current: I 15.7 pA
Resistance: Rp(0) (P mag.) 6.36 kQ
Rap(0) (AP mag.) 12.7kQ




FinFET
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Fig. 1. (a) Schematic illustration and (b) circuit configuration of a pseudo-
spin-FinFET (PS-FinFET). The STT-MT]J is not need to be formed directly
on the source region of the FInFET and it would be integrated in multilevel
interconnect layers.

the STT-MTJ owing to the negative feedback effect of the
STT-MT]J, resulting in magnetization- configuration-dependent
(high and low) current drivabilities.

All the simulations examined here were performed using
the HSPICE program with a predictive technology model for a
20nm FinFET [16] and our developed STT-MTJ macromodel
[10]. The STT-MTJ parameters were determined by reference
to recently reported STT- MTJs [17-19], as shown in Table I.
Assuming the usage of a device process for the full-swing
operation, the threshold voltages V, of the FinFETs for the
low-voltage operation were set to the same as those for the full-
swing (0.9V) operation. Although the Vy, is not optimized for
low-voltage operation, the usage of an already-developed
process would yield a benefit for production cost. Note that our
developed simulation technique can accurately reproduce the
experimental results of fabricated PS-MOSFETs [2,14,15].

Figures 2(a) and (b) show output characteristics of a PS-
FinFET with the fin-channel number Ny of unity, in which Vg
and Vp are varied from 0 to 0.5V. The magnetization-
configuration-dependent high and low drain currents (/," and
In™") can be achieved in the parallel (P) and antiparallel (AP)
magnetization configurations of the STT-MTJ, respectively.
Furthermore, current-induced magnetization switching (CIMS)
for both the P-to-AP and AP-to-P magnetization changes
successfully occurs when Vg is raised to more than 0.6V, as
shown in Fig. 2(b). Note that critical Vg for CIMS depends on
Je. In the case of Je = 1x10° Alem?, Vg = 0.5V is enough for
CIMS. The magnetocurrent ratio %y (= (Ip' -Ip™ V")) of the
PS-FinFET increases with decreasing Vp (for lower Vp) and
with increasing Vg (Fig. 2(c)). #1c can be designed by Nr of the
FinFET and by R4 and TMR of the STT-MTIJ [15].

III. NV-SRAM CELL OPERATION

Figure 3(a) shows the circuit configuration of the proposed
NV-SRAM cell using PS-FinFETs. The cell consists of a cross-
coupled inverter loop and two PS-FinFETs connected to the
storage nodes of the inverter loop. Hereafter, Nr of the load
transistors, driver transistors, pass transistors, and PS-FinFETs
are denoted by Ngr, Ngp, Npp, and Ngps, respectively. Design of
Nrp and Npp is highly important, since it restricts the occupied
area and SNMs of the cell. Using the base design of (Ngr, Nrp)
= (1,2), large SNMs can easily be obtained. However, its cell
area overhead is not minor. The base design of (NVg, Nrp) =
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Fig. 3. (a) Circuit configuration of a NV-SRAM cell using PS-FinFETs. (b)
Schematic waveforms of Vpp, Vsr, and Ve during the store operation.

(1,1) is beneficial to minimize cell area, although the cell
stability is lowered.

In the shutdown and wake-up operations for NVPG, the
NV-SRAM cell executes store and restore operations,
respectively. The store operation is divided into two steps, as
shown in Fig. 3(b). In the first step, H-level data on the storage
node (Q or QB) is stored into the STT-MTJ connected to the
node (H-store operation), and in the second step, L-level data
of the other storage node is stored in the other STT-MTJ (L-
store operation) [12]. At the initial stage of the restore
operation, the PS-FinFETs are turned on, and the data stored in
these STT-MTJs are restored to the storage nodes of the
bistable circuit by pull-up of power supply voltage Vpp for the
cell.

IV. SNMS AND ENERGY PERFORMANCE

Figures 4(a)-(c) show SNMs for the hold, read, and write
operations of a NV-SRAM cell with the design of (Nrr, Nep,
Nrp, Npps) = (1,1,1,1) for Vpp = 0.9V and 0.5V. Satisfactorily
large SNMs (> 100mV) can be achieved even for the 0.5V
operation, although the wordline underdrive technique [20] is
used for the read operation. Note that the SNMs for these
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Butterfly curves of (a) the H-store and (b) L-store operations for the NV-SRAM cell with the design of (Ner,Nep,Nep,Nrps) = (1,1,1,1) for the low-

voltage operation. Vpp and Vsg are boosted so that the store currents TvrP 2P and IypT™F for the H-store and L-store operations are equal to 1.5x/c. (c)
Butterfly curves and transient trajectory for the node voltages of the NV-SRAM cell during the low-voltage restore operation, in which Vsg underdrive is

employed.
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Fig. 6. SNMs for the hold, read, write, H-store, L-store, and restore
operations of the NV-SRAM cell with the cell design of (Ne, Nyp, Nrp, Nrps)
= (1,1,1,1) for the 0.9V and 0.5V operations. Dotted lines show the SNMs
without the assist techniques.

normal SRAM operations are completely the same as those of
the equivalent volatile FiInFET-based 6T-SRAM cell, since the
STT-MTIJs can be electrically separated from the bistable
circuit part of the cell by the PS-FinFETs during these normal
operations. Figures 5(a) and (b) show the butterfly curves for
the H-store and L-store operations of the NV-SRAM cell with

the design Of (NFL, NFD: NFP: Npps) = (1,1,1,1) fOr the 10W
voltage operation mode, respectively. When Jc and error
margin for CIMS are 5%10° A/cm?® and 1.5%J¢, it is difficult to
create a current required for CIMS. However, CIMS can be
accomplished by the Vsg and Vpp boosting (see Fig. 3(b)). In
the case of Jo = 5x10° A/em” and error margin of 1.5xJ¢, Vg =
0.7V, Vpp = 0.7V, and Verry = 0.5V is suitable, as shown in
Figs. 5(a) and (b). Figure 5(c) shows transient trajectory for the
node voltages (V, and Vgp) of the NV-SRAM cell during the
restore operation, in which butterfly curves for various Vpp are
also shown. Just after the pull-up of Vpp, ¥ and Vg increase
with increasing Vpp. Then, only V, increases with increasing
Vb, while Vo quickly approaches zero (Fig. 5(c)). The SNM
for the restore operation is satisfactorily large even for the 0.5V
operation, when Vg underdrive is used (which is similar to the
wordline underdrive technique). Figure 6 summarizes the
various SNMs of the cell for the 0.9V and 0.5V operation
modes. The SNMs depend on the operation voltage.
Nevertheless, even for the 0.5V operation, the cell can satisfy
sufficient margins (> 100mV) using the read, store, and restore
assist techniques.

Figures 7(a) and (b) show break-even time (BET) of the
NV-SRAM cell [8] as a function of 7, (normal SRAM
operation duration) for the 0.9V and 0.5V operations,
respectively. For the 0.9V operation, previously-developed
store bias and leakage controls [2,6,7,11] are employed (the
former controls Vsg and Verry and the latter Vergp). The
leakage control and the above-described store and restore assist
techniques are used for the 0.5V operation. The store-free
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Fig. 7. BET as a function of 7. (normal SRAM operation duration) for the
NV-SRAM cell with the design of (Mg, Nip, Nrp, Neps) = (1,1,1,1) for the (a)
0.9V and (b) 0.5V operations.

shutdown architecture [11] for reducing BET can also be
applied for both the cases. Since the static leakage current is
suppressed for the 0.5V operation, the low-voltage operation
slightly prolong the BET (see blue curves in Figs. 7(a) and (b)).
Using the store-free shutdown, a BET of less than 1us would
be achieved on average even for the 0.5V operation, which is
sufficiently short for fine-grained NVPG application of
microprocessors and SoCs.

Figure 8(a) shows the average power P,, of the static
leakage power including the power for the NVPG operations
for the NV-SRAM cell as a function of proportion rgp of
shutdown period. P, can be dramatically reduced by lowering
the operation voltage. Although the reduction rate for P, to
rsp depends on the leakage current ILSD during the shutdown,
P, can be effectively reduced by the shutdown for the 0.5V
operation as with the 0.9V operation, as shown in Fig. 8(b).

REFERENCES

[1] S. Jain et al, “A 280mV-to-1.2V Wide-Operating-Range 1A-32
Processor in 32nm CMOS”, 2012 IEEE International Solid-State
Circuits Conference, February 19-23, 2012, San Francisco, CA, USA,
paper 3.6.

[2] Y. Shuto et al., “Design and performance of pseudo-spin-MOSFETs
using nano-CMOS devices”, 2012 IEEE International Electron Devices
Meeting, Decsember 10-12, 2012, San Francisco, CA, USA, paper 29.6.

[3] S. Sugahara, and J. Nitta, “Spin-Transistor Electronics: An Overview
and Outlook”, Proceedings of the IEEE, vol. 98, pp. 2124-2154, 2010.

[4] S. Yamamoto, Y. Shuto, and S. Sugahara, “Nonvolatile Power-Gating
Field-Programmable Gate Array Using Nonvolatile Static Random
Access Memory and Nonvolatile Flip-Flops Based on Pseudo-Spin-
Transistor Architecture with Spin-Transfer-Torque Magnetic Tunnel
Junctions”, Jpn. J. Appl. Phys., vol. 51, pp. 11PB02/1-5, 2012.

[5] S. Yamamoto, Y. Shuto, and S. Sugahara, “Nonvolatile flip-flop using
pseudo-spin-transistor architecture and its power-gating applications”,
2012 IEEE Intl. Semiconductor Conference Dresden-Grenoble,
September 24-26, 2012, Grenoble, France.

[6] Y. Shuto, S. Yamamoto, and S. Sugahara, “Analysis of static noise
margin and power-gating efficiency of a new nonvolatile SRAM cell
using pseudo-spin-MOSFETs”, 2012 IEEE Silicon Nanotechnology
Workshop, June 10-11, 2012, Honolulu, HI, USA, paper 4-3.

[71 Y. Shuto, S. Yamamoto, and S. Sugahara, “Static noise margin and
power-gating efficiency of a new nonvolatile SRAM cell based on
pseudo-spin-transistor architecture”, 4th IEEE Int. Memory Technology
Workshop, May 20-23, 2012, Milano, Italy, paper 16.

308

N
o

7,.=10%sec

—— ——
S 1,5°=0 to 0.3x1, 100\ o IO Ree
= L N 0 1L°| % I =0100.3x0 "
= 15t insteps of0.xlo ] in steps of 0.1xI,,
= X
S /
o B | Vo090V D
10 5 R
3 950 NIRRT
a B AR
Q 3 \\\\ ON
= @ RN
S st i ALY
o g NN
> @ N\,
< o AN
\\\
0 O L L L L L L L L L A
0 0.2 0.4 0.6 0.8 1 0 0.2 0.4 0.6 0.8 1
T'sp Tsp
(@) ()

Fig. 8. (a) Average power P, and (b) reduction rate of P, as a function of
rsp for the 0.9V and 0.5V operations, in which leakage current ISP during
shutdown is varied from 0 to 0.3x/."" (ILo"Y = 9.47nA and 26.1nA for the
0.5V and 0.9V operations, respectively. ;"' represents the leakage current
of the NV-SRAM cell during standby mode).

[8] S. Yamamoto, Y. Shuto, and S. Sugahara, “Nonvolatile delay flip-flop
using spin-transistor architecture with spin transfer torque MTJs for
power-gating systems”, IET Electronics Letters, vol. 47, pp. 1027-1029,
Sept. 2011.

[91 S. Yamamoto, and S. Sugahara, “Nonvolatile Delay Flip-Flop Based on
Spin-Transistor Architecture and Its Power-Gating Applications”, Jpn. J.
Appl. Phys., vol. 49, pp. 090204/1-3, 2010.

[10] S. Yamamoto, and S. Sugahara, “Nonvolatile Static Random Access
Memory (NV-SRAM) Using Magnetic Tunnel Junctions with Current-
Induced Magnetization Switching Architecture”, Jpn. J. Appl. Phys., vol.
48, pp. 043001/1-7, 2009.

[11] Y. Shuto, S. Yamamoto, and S. Sugahara, “Evaluation and control of
break-even time of nonvolatile SRAM based on spin-transistor
architecture with spin-transfer-torque MTJs”, Jpn. J. Appl. Phys., vol.
51, pp. 040212/1-3, 2012.

[12] Y. Shuto, S. Yamamoto, and S. Sugahara, “Nonvolatile Static Random
Access memory based on spin-transistor architecture”, J. Appl. Phys.,
vol. 105, pp. 07C933/1-3, 2009.

[13] Y. Shuto, S. Yamamoto, and S. Sugahara, “FinFET-based pseudo-spin-
transistor: Design and performance”, 2013 IEEE International
Semiconductor Conference Dresden-Grenoble, September 26-27, 2013,
Dresden, Germany.

[14] R. Nakane et al., “Monolithic Integration of Pseudo-Spin-MOSFETs
Using a Custom CMOS Chip Fabricated Through Multi-Project Wafer
Service”, 43rd European Solid-State Device Research Conference,
September 16-20, 2013, Bucharest, Romania, paper 1272

[15] Y. Shuto et al., “A New Spin-Functional Metal-Oxide-Semiconductor
Field-Effect Transistor Based on Magnetic Tunnel Junction Technology:
Pseudo-Spin-MOSFET”, Appl. Phys. Exp., vol. 3, pp. 013003/1-3, 2010.

[16] Predictive Technology Model (PTM), http://ptm.asu.edu/.

[17] H. Yoda et al., “High efficient spin transfer torque writing on
perpendicular magnetic tunnel junctions for high density MRAMs”,
Current Appl. Phys., vol. 10, pp. e87-¢89, 2010.

[18] J.H. Park et al., “Enhancement of data retention and write current
scaling for sub-20nm STT-MRAM by utilizing dual interfaces for
perpendicular magnetic anisotropy”, 2012 Symposium on VLSI
Technology, June 12-15, 2012, Honolulu, HI, USA, paper 7.1.

[19] M.Gajek et al., “Spin torque switching of 20nm magnetic tunnel
junctions with perpendicular anisotropy”, Appl. Phys. Lett., vol. 100,
pp. 132408/1-3,2012.

[20] K.Nii ef al., “A 45-nm Single-port and Dual-port SRAM family with
Robust Read/Write Stabilizing Circuitry under DVFS Environment”,
IEEE Symp. VLSI Circuits Dig., pp.212-213, 2008.



