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1. Abstract

This work presents a Non-Volatile SRAM (NV-SRAM)liceesilient to information loss. The cell featartast
storage (20ns) for the operating voltage of 1.0Wie Tinformation is backed-up during POWER-DOWN/
RECOVERY cycle in two bipolar Oxide Resistive RAN®XRRAMS). The proposed NV-SRAM is designed
with an 8T2R structure using 22nm FDSOI technolagyl resistive memory devices based on HfThe
stability and the reliability of the NV-SRAM cels iinvestigated by taking into account the variapitf the
transistors. It is shown that highof/Ron is necessary to ensure reliable RECOVERY operadiot high
SRAM yield under cell area and power consumptiamst@ints.

Keywords: Resistive RAMs, NV-SRAM, Low power, Naatié, Low leakage, FDSOI

2. Introduction

The reduction of power consumption in integrateduts (IC) becomes an ever more important chadleasgthe
technology scales down and leakage currents iner@dss is in particular true for portable systemtgch have
the operation time limited by the battery capaditytoday’s system on chip (SOC), the embedded SRAN
take even over half of the chip area and hencégalsage can dominate the total power consumpliorreduce
the static power dissipation, techniques like pewférof the unused logic blocks have been propdded].
These approaches cannot be applied to memorieghhas they will lead to the data loss. Scaling nidie
supply voltage (¥p) of memory blocks during standby is a potentidlion. Its efficiency is limited however
by the ever increasing transistor variability, naty making it difficult to predict the minimump$ which can
be applied to ensure no data loss, but also inag#dse minimum Vp value [3].

An effective way of reducing the leakage currestdo use fast Resistive RAMs (RRAMSs) in hybrid SRAM
circuits, back-up the data from SRAM to RRAMs andtsh the power off. This way the leakage is totall
suppressed with no data loss. These hybrid memaygerally known as Non-Volatile SRAMs (NV-SRAMS),
are able to combine high performance, low-voltageration and low-leakage. NV-SRAM became an ingurt
research topic in the recent years [4-7]. The wqresented in the literature, to the best of owvikdadge, still
do not fulfill the strict requirements of the SRANIterms of speed, supply voltage and stabilitye TBKb NV-
SRAM macro presented in [4] achieves a fast reagssctime, but the required high operating voltatgesot
comply with the modern SRAM technology [8]. Anotlggoup [5] proposed the use of MOSFETS to contrel t
resistive switching devices. Their cell is fastl@a voltages but the resistive devices used in tiigsk are
unipolar and therefore suffer from instability issy9, 10] making the programming of resistancesdlehging

at the circuit level. Yet another example of a NR/AM is the 6T2R cell [6, 7]. This cell however, fark from
stability degradation and high leakage coming fribve resistive elements introduced in the cell dechire.
This is caused by the formation of a direct currpath during normal SRAM operation through the two
RRAMSs. Hence, in order to overcome these issuasyal NV-SRAM architecture is required.

The influence of the transistor variability on th&/-SRAM operation has not been investigated yete Th
variability is not mostly caused by the Random Dup@Euctuations (RDF) [11-13] in the channel regibnt
also by other phenomena, such as oxide thicknetatioa [11, 14], Line Edge Roughness [11, 13, 454 TiN
grains with different workfunctions [12]. The ratat between process parameters is typically defmedhe
Pelgrom coefficient (&) [16], which is proportional to the magnitude bfdshold voltage variatiorsy(t). For



32nm bulk CMOS designs, A is over 2.5mVum [17]. Since thsr is also inversely proportional to the root
square of the product of transistor sizjh§] the SRAM becomes particularly susceptible tovariability as it
typically uses smallest possible transistors togase density. In this work the A 1.25mVum corresponding
to the 22nm FDSOI technology is assumed [18].

This work demonstrates a fast NV-SRAM cell opett a relatively low voltage and which has thditghio
eliminate the leakage current during a standby matie paper is structured as section 3 presentiag\tv-
SRAM structure and the cell operation, section dlidg with the static noise margin of the SRAM agded in
the NV-SRAM. Section 5 explains the influence & W variability on the stability of the NV-SRAM cell.

3. NV-SRAM structure and operation

The structure of the non-volatile 8T2R NV-SRAM cdl presented in Fig. 1. The cell is designed weith
classical 6T-SRAM cell (MMg) along with two additional P-type control traneist (CM, CM,) connected
between the data nodes (D, DN) of the SRAM cell tiedOXRRAM (R, Ry). R; and R are made accessible to
the SRAM cell by CM and CM. TE1(2) and BE1(2) represent the top and bottaeeteddes of OXRRAMS.
The threshold voltages for the OXRRAM STORE and RE®perations are respectively 0.7V and -0.7Vhia t
work, a STORE operation on the OXRRAM corresponds lbgic ‘1’ and the RESET corresponds to a ldgjic
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Fig. 1 Schematic representation of non-volatile 8T2R SRNWISRAM) cell

All the simulations are performed using Eldo sinboaThe results are validated on a 22nm CMOS-FDSOI
technology process design kit developed by CEA-LEAI bipolar OXRRAM model, calibrated on the
experimental results obtained on Hfftased devices [19], is used. The (W/L) of the-ppll pull-down and the
transfer transistor for the SRAM design are s€iLn/25n), (260n/25n) and (100n/25n), respectivEhe cell

is optimized as such it provides high speed (2@mnsoperation) while the transistors are operatddvatvoltage
(maximum 1.1V).

The NV-SRAM cell operation follows the sequence:A8R operation, RESET, STORE, POWER-DOWN,
POWER-UP/ RESTORE. This cycle can be repeated ag niimes as necessary and its use is theoretically
limited only by the reliability of the OxRRAM dewes. The following sub-section explains the biasing
conditions of different operation modes for a fslquence of SRAM operation — RESTORE cycle. Table 1
summarizes the biasing conditions of the contgais for all operations that involve OXRRAM.

Tablel. Control signals during different operatidrages of the NV-SRAM cell

WL (V) [ vDD (V) | vss (v) |cTRL1 (V)| CTRL2(V)
RESET 0 1 0 0 1.5
STORE 0 1 0 0 0
POWER DOWN 0 1 1 1 1
RESTORE 0 1 0 0 1

3.1. Normal SRAM operation
Normal SRAM operations (write/read) are not infloed by the presence of Bnd R as they are isolated from
SRAM by CM, and CM which remain OFF.



3.2. RESET

Before storing the information in OXRRA, the RESET operation is performed to assure a lagistance stai
for the corresponding OXRRAM device. When the nBd€0’ and DN="1", R; can be RESET by opening t
control transistors CMand CM and putting CTRL2 to 1.5V. At this point, the reaisce of F, remains
unchanged du& the low voltage drop on i~0.4V). Whereas, Rfaces a negative voltage drop (0.8V) i
RESET of R occurs as highlighted in Fig. 2a. Similar t; case, Rcan be reset if the SRAM nodes are flip|
(D at ‘1’ and DN at ‘0’).

3.3. STORE operation

During the STORE operation, the logic state of$if®AM cell is stored in the ;-R, pair. Conside that the node
D has information ‘1’ and DN has ‘0’. To beup the information in the OXRRAM, the control tresters are

turned ON by lowering CTRL1=0V and putting CTRL2=0Vhe potential difference at the top and bot

electrode of Rresults in a positive \ltage drop across;Rvhich sets this resistance to a low resistance

thereby, storing the information ‘1’ iny (Fig. 2b). At the same time, since there is noagdtdrop across,, its

value remains unchanged in high resistive stateliyestorincthe value ‘0.
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A L]

15 0
Fig. z (a) RESET operation (b) STORE operation.

3.4. POWER-DOWN operation

Normally, a POWERDOWN in a circuit is performed by putting all thertrol lines to ground. In this wor
however, POWERDOWN operation is performed by raising the VSS girthe cell to VDD and hence, tl
nodes D and DN are pulled up to VDD. This is cally done to avoid resetting the state of the OARR
during the RESTORE operation that would cancel rdmstance asymmetry betweer, and R and would
compromise the correct level restoration. The adrines— BL/BLN and CTRL2 are also raised to VDto
reduce the leakage through the transfer transistods control transistors respectively. It is obednthat ¢
considerable time (8us) is required to totally discharge all the ciaaces of the N-SRAM cell (see Fig. 3’

3.5. RESTORE operation

The logic state of the SRAM has to be restored pitave-off. CTRLL is lowered to the ground turning ON 1
control transistors (CM CM,). The signal VSS is put down to 0V with a delaysof with respect to CTRL
CTRL2 is kept at VDD as it was durithe POWERDOWN. The node D is strongly maintained at logicdie
to the low resistance of;RSimultaneously, due to the resistance differem;s pulls the DN node down to ‘0
restoring in this way the logic in the cell (Fig. 3
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Fig. 3 Wavefornfor a POWER DOWN — POWER UP cycle.

3.6 RESET/STORE mechanism

Resistive RAMs are known to be fast (~5r20], but they are limited by their lower reliabilityith respect tc
CMOS. The best performance tgpdate has been demonstrated by the resistivelswg device developed |
Samsung exhibiting *cycles of endurance20] which is about four orders below the endurancé&SBAM
cell. To overcome this reliability issue and extehd lifetime of the system, the frequency of daaal-up in
RRAMs has tdbe minimized. There are various methods, at thauititevel, that allow avoiding the redund:
writing of OXRRAMSs and preserve the reliability &ocertain extent. The technique developed in tliskvef
RESETting the OXRRAMSs just before the STORE oftion, is used to avoid the unnecessary writinghef
resistive devices. For example, we assume thatave B="1" and DN='0" before POWE-DOWN (i.e. R is
low and R is high). After the POWE-UP, the levels are restored. Next, a new sequ‘normal SRAM
operation-RESTOREStarts and the SRAM data is updated. Now, suppuesedw data that has to be store
OxXRRAM is D="1" and DN='0". In this situation, dumg the RESET operation that precedes STORE, whe
CTRL2 is biased at 1.5V,;Remains at the same state (i.e. low resistive )staté the state of, remains same
as well (i.e. high resistive state). This RESET/®EOmechanism prevents the unnecessary flippinghe
OxRRAM devices and improves the mean time betwa#uaré of tht NV-SRAM cells.

4. SRAM cell static noise margin

The 6T SRAM cell core of the N&RAM has to be optimized such that even under hsti-case conditions, it
still functions properly. The sizing of the SRAMIlcgsee section 3) does not comply with thgular sizing of
the PMOS, which is usually kept at minimum cto the area constraints. The reason for having a Wiié©S
transistor in the 8T2R N\BRAM comes from the requirement of a feMk current in order to write th
OxRRAM during STORE operation. nce in the 22nm FDSOI technology used in this \, the PMOS has a
high threshold voltage @Y of approximately 500mV, the STORE current coutdycbe met by increasing tt
PMOS width. It can be expected though, that shthed®MOS \; be lower, the use @& minimum sized PMO
could be possible as well. The [-up and the transfer transistor are considered te llae same strength
enable a reasonable value for the Read Static Nd&sgin (RSNM) and Write Static Noise Margin (WSNAM
The Static Noise Margin (SNMQR]] is the key parameter in the SRAM analysis and lsardefined as th
highest value of noise between the two cell invsrfer which the proper functionality in each ogEna mode is
maintained. In the graphical representation SNM lpardfined as the smallest (for retention and readei
largest (for write) square which can be fitted bestw the “butterfly curves” consisting of the inesltand no-
inverted curves corresponding to respective opmratiode (Fig.4). With the abc-menticned sizing (section



3), the NV-SRAM cell has a pullp ratio of 1 (defined as the ratio of W/L betwebe pull-up and transfer
transistors) and a cell ratio of 2.6 (defined as ridtio of W/L between the p-down andtransfer transistors)
ensuring a RSM of 180mV (Fig. 4(a)) and WSNM of 320mV (Fig. 4)bThe addition of the control transistc
and the OXRRAM does not affect the normal operatibthe SRAM cell as well as the SNMs. This is m
possible due to the use of Glnd CIv,, which block the cuent leakage path through the OxRRs during the

normal operation of the SRAM cell
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Fig. 4(a) Static read noise margin: RSNM=180mV (b) Statite noise margi: WSNM=320m"

5. Theinfluence of Vr variability on the stability of 8T2R SRAM cdll

The influence of ¥ variability on the No-Volatile OXRRAM- based SRAM operatichas not been investigat
sofar and can be expected to be a major constrairtifaining a high yield. This is caused both by plotentia
difficulty in ensuring reliable N-SRAM-specific operation modes (STORE, RBVERY, RESET) if
mismatch is considered and by the unorthodox 6T M core sizing, with a larger thaminimum PMOS whicl
degrades write stabilitn the typical SRAM operatic. The key yieldimiting factor of 8T2RNV-SRAM is the
reliability of the RECOVERY operation as it stropglepends on the or/Roy ratio obtained during STOR
and hencecan be unsuccessful. STORE operation never faithepositive voltage applied on an OxRR/
device in OFF state is alwaysigg to lower its resistance by some value. Howeveder the random ¢
variations, the obtaineddg for a fixed operation time will vary and therefotbe RECOVERY reliability ma’
be compromised. The optimization of STORE operafiom the cell forfRon maximization perspective und
timing and transistor sizing (and hence stabildghstraints becomes therefore the starting pointife 8T2R
NV-SRAM reliability analysis.

5.1. STORE operation: influence of cell sizing and timing on Rore/Ron; |mpact on SNM s

The Ryy value that can be obtained in the STORE operasiaieiermined by 2 key parameters: the sizing o
pull-up transistor in the SRAM cell, here analyzed ahirough its width (V.p), and by the time of STOR
operation. Figure 5 presents tihependenc of the OxRRAMresistance as a function of STORE operatime

for different values of 5. The decrease of resistance can be separated idiffiecent parts regardless of t
W_p: i. the abrupt resistance drop in the first 20 ii. the aturation of the resistance value as the ST(
time increases. Figure 6 presents the dependenBoy as a function of W\ extracted at differenSTORE
periods.It can be noted, that the increase o,p has a significant impact on the shap¢ curves in Fig.6,
decreasing the minimum achievabloy value and therefore increasing the resistance (Rprop =Rorr- Ron)

for a fixed STORE operation tim&he sensitivity of By to STORE time decreasby a factor of 2 s the Wp

increasegrom 80nm to 200nm (Fig. 6

The extracted Fkopas a function of STORE time shows clearly a thrishike behavior for both widths of tF
pull-up transistor (Fig. 7). Once the decrease of thistence enters the saturation region (Fig. 5jithe ttat is
necessary for obtaining a significanprop (i.€. low Ryy value and hence a highordRon) exponentially
increases (Fig. 7). A consequertfehe results presented in Fig-7 is that ifa specific, high, prop from the
Rorr is targeted, either the STORE time o) p have to be increasetihe former solution however, would cat
a significant increase in the power consumptiorinduSTORE operation, since the currents needed foingt
the OXRRAMSs are in the order of at leafew micro-amps. The latter solutievould lead to the increase of t
cell pull-up ratio, decreasing the SRAM cell reliability chgiwrite operatior The magnitude of this stabili
drop will also depend on the initial; ratio between the NMOS and PMQ@rtsistors [], but should the

increase from the 100nm to 200nm, it will alwaysrme-negligible.In our case, with the 1 approximately
50% larger than they and the access NMOS width of 100nm, changir_» between 100nm and 200nm le:



to the stability factor drop (represented asjtheextracted from the statistical distributions oftevistatic noise
margin in such a way, that the tail is properlylaated) from 12.3 to 9.22. In order to meet thaedgp6o yield
target, the stability facton(c) should be higher than 6. In this particular cee SRAM yield is therefore still
maintained, but the magnitude of this stabilitytéaarop indicates a high importance of this analyEhe only
way to avoid an excessively high,¥\and a long STORE time is therefore to reducedhgeted Rr</Ron. This
is in turn limited by the minimum R<Ron required to ensure the reliability of RECOVERY ogi®n, as
explained in details in the following section.
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5.2 RECOVERY operation: réliability analysis

In order to investigate the stability of RECOVERode, a worst cas¢énoyr V1 variation was applied to each
transistor in the SRAM cell, thus creating a sitwatwhere each device is working against the regowé the
correct values in the nodes of the SRAM cell. lasieg the value oh leads to a larger ‘worst case’ mismatch
and allows analyzing theoy,; point where the recovery operation fails. The dateovery operation in our
proposed scheme does not affect the resistance whlthe OXRRAM, so the use of passive elementsidho
correspond exactly to the case with OXRRAM devimed allow performing a general case analysis ajvexy
mode stability. Moreover, substituting the OxRRARVvites with resistors allows including,f/Ron cases not
covered by our OXRRAM model, which is based on erpental data. Figure 8 depicts the valuesof,; fail
points for different Re</Ron ratios. As depicted in Figs. 5-7, a high resistadiop can be obtained only if high
Wy p and long delay values are used. However, even fg=200nm and the delay of 200ns, thgyRluring
STORE reaches only 29k corresponding roughly to thesR/Ron=4. The worst case mismatch analysis reveals
that for this resistance ratio the RECOVERY operafails for n=2 (Fig. 8) which is quite low frorhe stability
point of view.

n*sigma fail point

| | | | | | | | | ;
0° 10 20 3 40 _ 50 60 70 8 90 100
ROFF/RON

Fig.8 Variation of n#y fail point versus the &Ry ratio in the worst case variatioanalysis



5.3 Towardsa 66 NV-SRAM cell

In order to correlate the worst-case analysis tesith a typical yield evaluation, a Monte Carlo QY
simulation with random Gaussian variation appliedlt transistors of the SRAM cell was performedisTMC
simulation was performed for acR/Ron=4 corresponding to n=2, as this is the maximunistasce ratio
obtainable in our 8T2R NV-SRAM. In this analysi4, fails in 10000 samples were observed, correspgndi
approximately to a@yield. Since in the typical SRAM design, a yieldsoto 6o is targeted, it can be expected
that in the worst case analysis (performed in each.2 for RECOVERY operation) the value of n skiobé
equal to at least 3 or 4. However, as depicteddrBfthe value of n equal to 3 and 4 occurs oatyaf Ry Ron

of 10 and 20, respectively.

Yet another constraint for a reliable OXRRAM- ba&RIAM operation becomes evident in the MC analgsis
the STORE mode. Fig.9 depicts the spread of thistaese vs. time curves obtained from a MC simaiati
(W p=100nm) showing a roughly +8@kvariation for a fixed STORE time. As it was praysly mentioned, in
order to obtain a sufficient and fixed stability RECOVERY mode, a specific and low value @fyBhould be
targeted to ensure highoR/Roy ratio. Fig. 10 depicts a set of histograms fror0@0D sample MC analysis for
a W p=100nm demonstrating the spread of STORE time redub obtain a Fkop between 10R and 50k.
Clearly, if low Roy is targeted (high kkop to satisfy RECOVERY conditions, the spread of tequired
STORE time increases significantly, especially lzes $aturation part (above 20ns in Fig.9) of thestasce
curve is reached.

Figure 11 depicts the mean and worst case faBTDRE time required to obtain a range k& for the Wp
of 100nm and 200nm extracted from the similar M@uwations as used to obtain results depicted in g
The stability of the RECOVERY operation, as demiatst before, strongly depends on the minimizatibtine
Ron. In order to ensure that the expected, lowy B obtained, the length of the CTRL1 signal shold
extended accordingly up to the worst case STORE tinthe far tail of statistical distribution (sé&. 10 for
50kQ Rprop)- The minimization of the difference between theam and the worst case far tail STORE times is
therefore important to reduce the power overheawirg from the operation time extension requiredrédiable
RECOVERY. As depicted in Fig.11, increasing \Ws an efficient solution to minimize this probleifhis is
due to the fact, that the PMOS has a very higluarfte on the resistance curve during store oparfig.6)
and hence, increasing its width reduces the spoéatie resistance plot (Fig. 9) due to inverse requare
dependence of transistor sizes ondhg leading to the lower variation of the PMOS. Wloreover, in order to
limit the influence of variability on the worst @aslelay, Ry extraction has to be limited exclusively to the

region where th% is high (Fig 9), which creates a strong limitatmmthe lowest achievableoRand does not

allow to increase it further by extending the STO&teration time. As a result, the only efficientthwa to
obtain a high BefRon ratio and hence a high RECOVERY stability, is qitly increasing the V¥ or
improving the OXRRAM itself. Since the former igastgly limited by the low cell area and SRAM write
stability, it can be concluded, that the OXRRAM eélepment has to strongly focus on the increaseqspf/Ron

ratio to allow obtaining a sufficientgRop within the highi—}: region, corresponding to the;B/Roy of 10-20 for

low STORE time periods. Such a high resistance raiises a potential challenge for the design of SJRAM
cell, but most importantly on the OXRRAM deviceelfs A complete strategy that could be used for the
improvement of the OXRRAM devices is composed ey fillowing steps: use FORMING operation to obtain
high Roer values [22, 23] and use Wand the STORE timing to obtain the desired loyy Bhat satisfies the
high RorfRon condition required to obtain a wield.
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worst case far tail SETUP time for 200nm PMOS
=¥-mean SETUP time for 100nm PMOS
10? worst case far tail SETUP time for 100nm PMOS
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Fig.9 OXRRAM resistance vs. time during STORE djpera Fig.11 Mean and worst case STORE time ygoR Data
Data obtained from the MC simulation random Gaus&ian obtained from 10k MC simulations for \\bf 100nm and
variation applied to all SRAM cell transistors, for 200nm
W|_p2100nm.
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Fig.10 Distributions of STORE time required to dbtaarious Rropin STORE operation obtained from a 10k samples MC

simulation for W=100nm

6. Conclusion

A 8T2R Non-Volatile SRAM cell having capability ddst storing and restoring information was preseite
this work. This cell is designed with a 22nm FDSDK for the CMOS transistors and an OxRRAM model
based on Hf® devices. The cell is operational for “normal SRAESET-STORE-POWER DOWN-
RESTORE" cycle. The cell operates at high speeaig28ulses) and low voltage having 1.1V as maximum
voltage drop on the transistors. For the fist tithe analysis of Y variability on the stability of 8T2R NV-
SRAM cell was performed. It was revealed thatdRoy of at least 10 (20) is necessary in order to ensur
sufficient reliability of the RECOVERY operation attypical SRAM yield of 5(&. In order to meet this yield
value, due to the constraints coming from the agdla, power consumption and write stability the QARI

device development has to focus on the maximizatfahe Rgopin the highi—': region.
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