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ABSTRACT

Recently, memristor memory has drawn attentioaraattractive option for future non-volatile menssridue to
its high density, low power consumption and longm&on time. However, memristor memory has higfededensity due
to its nanoscale fabrication and it also suffemsrirsneak path problem owing to its crossbar arctiite. In this paper,
fault models for 2TG1M (2 Transmission Gates arideimristor) memory are proposed. A new fault WritistOrbance
Fault is analyzed. Additionally, a March Test i®posed to cover the defined faults. The proposectMeest requires

5mn read and 5mn write operations for mxn (m wordsbits) 2TG1M memory.
KEYWORDS: Menristor, Test, Fault Models
I. INTRODUCTION

Memristor is a concatenation of ‘memory resistmd has the characteristics of both of them. & i®onlinear
device whose memristance (measured in Ohms) isetifin of the electric charge that has passed (irdbe device.
Memristors have a variety of applications such as-volatile memory, programmable logic, neuromocpéystems, etc.

owing to its scalability, low power consumption atyhamic response.

Moore's Law [1] will eventually cease to exist @MOS technologies are shrinking, with devices aitej
dimensions comparable to their constituting ato]s Thus, the focus has to be shifted in findingides, which are
increasingly infinitesimal and equally if not mazapable than the transistors. Memristors are aacéitte option for next

generation memory architectures due to their higyisily, long retention time, and low power opematio

In a metal oxide Memristor memory the resistane®vben its terminals is used to represent the tgie Istates,
logic 0 and logic 1. Memristor memory array candimmply designed as crossbar architecture in whicly a single
memristor connects to the wordline and the bitlidewever, it suffers with the problem of sneak-péthorder to reduce
sneak path several biasing techniques have be@oged [3] [4]. As array size increases these tegles fail since they
do not eliminate sneak path current. To eliminateak path problem another technique in which actmledevice is
connected with the memristor at each node can ée@. Belector device may be a diode, transistarstnission gate. With
diode only unipolar memristor can be used. Theafggass transistor in the memristor memory arragrefeses potential
difference across the memristor thereby causingatézh in speed of charge carriers flowing throtigda memristor. Also,
one transistor one memristor (1T1M) memory celluiegs a bipolar voltage application for its writipgocess [5]. In
2TG1M memory cell both high and low logic levele grassed through the memristor effectively withemy noticeable
voltage drop across the transmission gate devits® iftakes advantage of bidirectional capabgitié transmission gates

and memristor.
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Several researchers have discussed memristortsiefheir fault models and March elements to detkcse
faults. Most of the faults in memristor occur doeparametric variation of the device. In [6], famibdels for memristor

(1M) are proposed and March algorithm for efficieggting is described.

In this paper, an electrical fault modelling fofF@1LM memristor memories is performed by analysiaggistor
stuck-open, stuck-on, bridge, and open defectsedaar, the bridge defects between neighbouring el considered.
Additionally, a test algorithm is proposed to déthe defined faults. The remaining paper is orgaghias follows. Section
Il briefly reviews the memristor and 2TG1M memristoemory. Section Il presents electrical defeot TG1M memory
and their fault models. Section IV introduces thepmsed march test for the defined faults. Findlgction V concludes
this paper.

II. MEMRISTOR AND 2TG1M MEMRISTOR MEMORY

1. Memristor

The concept of memristor was first proposed byrL€hua in 1971 who postulated that mathematicaftyuath
circuit element could exist [7]. The memristor, lwinemristance M provides a functional relation lestw charge and
flux, dd=Mdq. The Metal oxide memristor developed in 2098HP labs [8] consists of an active region madeithin
film of titanium oxide (TiQ) sandwiched between two platinum electrodes. Tit film is D nm long and contains two
regions- TiQ (D-w nm) and TiQ, (w nm). The TiQ region has low conductivity and TiQ(oxygen deficient titanium
oxide or doped with oxygen vacancies) has high gotidty. An essential attribute of this devicetlimt the resistances of
doped and undoped regions differ significantly. Shthe overall resistance of the device may be e&tikwas series
combination of two resistances. The overall resistadepends on the state variable of memrist§@< o >1) which is
defined as the ratio of length of doped regionhi® tbtal length of memristor. When positively bis@ltage (v(t)>0) is
applied across the memristor, the oxygen vacaraidsto the TiQ region thus decreasing the overall resistance of
memristor. On the contrary, application of negdjil@ased voltage across the memristor increase®sistance. The rate
of drift is non-linear in both directions. A fulljoped memristor has lowest possible resistanceteiémy R, Similarly, a

fully undoped memristor has highest possible resist denoted by R
The overall memristance (M) of memristor is gil®n
M (a) = aRon + (1-0) Rosr

The logic levels are defined according to the mstance value which is calculated by measuringerurflowing
through the memristor. For ideal case, if currémwing through the memristor is greater than Irefé¢rence current) then
value stored in memristor is considered as logand if current is less than Iref then logic O isigidered. To ensure the
reliability of memristor by mitigating the effecf noise, the upper and lower threshold currents lioffi are defined. Logic
1 is defined as the region where current flowingptigh memristor is greater than lon. Similarlycifrrent flowing
through memristor is less than loff then it is ddased as logic 0. On the other hand, if the curtiemough memristor is in

between lon and loff then it is undefined regiorickihmay randomly be considered as logic 1 or I@gic
2. 2TG1M MEMRISTOR MEMORY

Figure 1 shows a 2TG1M memory cell consisting tfaasistor and two transmission gates. The onmeéitory

cell is controlled by two data lines (DATA and DATAand two write lines (WRITE and WRITE The two data lines
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are complement of one another and similar is ttse edth two write lines. Data line provides thead&d be written and

write line is used to select the memory cell in ebhdata is to be written or from which data is ®oread. WRITE is

connected to the gate terminal of NMOS and WRITE&connected to gate terminal of PMOS in transimisgate.
DATA is connected to the positive terminal of mestoi via transmission gate, while DATAs connected to the

negative terminal of the memristor via another tabeh transmission gate. The purpose of using DAT#Ato maintain

the potential difference across the memristor equ&ICC whenever the cell is writing enabled.

WRITE [DATA DATA
TGl

WRITE

Figure 1: 2TG1M memory cell
2.1 Write Operation
To write in a 2TG1M memory cell, it is selected applying \ec to WRITE. To write a ‘1’ into the 2TG1M
memory cell, DATA is charged to ¢ and DATA will be grounded. It results in positive potentatl the positive

terminal of memristor while the negative termiralgrounded, which causes the substrate layer ttboped by vacancies
thereby resulting in a low resistance conductingneiel. This creates path for high current flow. §hmemristor is said to

be written with logic ‘1’ due to low memristancelwe.

To write a ‘0’ into the 2TG1M memory cell, DATA grounded and DATAIs charged to VCC which results in

voltage at negative terminal of memristor greatentthat at its positive terminal. Thus, oxygenavaies decrease

resulting in high memristance of memristor. Herbe,logic value becomes ‘0’.
2.2 Read Operation

For reading operation a very short duration wpit#se is applied, which turns on both the transimisgates on
either side of memristor, thereby selecting the misor for read operation. The duration of thisterpulse must be a

fraction of writing time of memristor in order toammtain the state of memristor. For this duratiomegative pulse
followed by a positive pulse is applied at DATA aagbositive pulse followed by a negative pulseppli@d at DATA

[9]. The magnitude of current flowing through themmistor indicates the logic level stored in metorigrrespective of its

direction.
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2.3 2TG1M mxn Memory
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Figure 2: Block Diagram of mxn 2TG1M Memory
Block diagram of 2TG1M mxn memory is shown in f&y.In the 2TG1M memory cell array, the cells in sarow share

WRITE and WRITE , and cells in same column share DATA and DATWhen a read or write operation is performed

then the peripheral read and write circuit assediatith the array, generates the signals requitedrite and data lines.

The peripheral shown in figure is similar to thatbnventional memory.

I.LELECTRICAL DEFECTS AND FAULT MODELS

1. Electrical Defects
Following electrical defects are examined to asalyossible fault behaviours of 2TG1M memristor msm
» Defects in memristor
e Variation in doping
e Variation in length
* Variation in area
» Defects in transmission gate
» Transistor stuck-open
» Transistor stuck-on
» Defects in connecting wires
» Open: represents unwanted resistance between d¢mmsec
« Bridge: represents short between cells or lines.

Various bridging defects possible in 2TG1M memarg given in Table 1. 2x2 2TG1M memristor arrayegivn

figure 3 is considered to analyze these defects.
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Figure 3: 2x2 2TG1M Memory Array

Table 1: Possible Bridge Defects in 2 x 2 2TG1M Meony

Bridge Location Bridge Location
Re1 Wo-W' Re12 Dg-Dy/
Re2 Wo'-Wy' Re13 Dy-Dy
Res Wo-Wy' Re14 Dy-Dy'
Re4 Wo'-Wy Re1s Xo-Wy
Res Wo'-Xo Re1s Xo-D1
Res Wo'-Xo' Re17 Xo-Wy'
Rez Wo-Do Re1s Xo-Dy'
Res Wo-Dy' Re19 Xo'-Wy
Reg Wo'-Do Ra20 Xo'-D1
Re10 Wo'-Dy' Rea1 Xo'-Wy'
Re11 Do-Dy Re22 Xo'-Dy'

2. Fault Models
e Faults Caused by Memristor Defects

e Stuck-at-1: It is caused due to excessive doping of oxygennaea in substrate. This fault also occurs if

memristor is shorted to Vdd.

*  Stuck-at-0: If the memristor is undoped, then s-a-0 fault escit may also occur if memristor is shorted to

ground.

» Slow-write-1: If the memristor substrate is under doped thenlsimgite pulse is not able to change the

value of memristor from logic O to logic 1.

» Slow-write-0: If the memristor substrate is over doped then simgite pulse is not able to change the value

of memristor from logic 1 to logic 0.

e Faults caused by transistor defects

When the transmission gate on either side of a nisén cell is stuck-open then the equivalent tesise of
memristor is very high, thus read data is alwaylgic 0. On the other hand, when the transmisgiates on both the
sides of memristor are stuck-on then memristoigys selected irrespective of the value on wiited. It results in sneak

path current thereby causing Incorrect Read Fadt\&rite Disturbance Fault.
e Faults caused by defects in connecting wires

e Write Disturbance Fault:
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Suppose WBW1' is shorted. When memristor cell C(1,0) is seleétedvriting operation then W1=1, WHO and
for the cells in other rows WRITE=0 and (WRITE). But due to AND bridging between Wand W1 value on WO0is
forced to logic 0. Thus, memristor cell C(0,0) rsnantedly selected through PMOS and write operddamnecessarily

performed on it. These results in a WDF (write agien performed on aggressor cell disturbs theevafwictim cell).
* Incorrect Read Fault:

Let WO-W1' is shorted. If memristor cell C(1,0) is selected riead operation then short pulse is applied to W1
and W1 and for the cells in other rows WRITE=0 and (WR)F&. But due to AND bridging between Wénd W1 value
on WO is forced to logic 0. Thus, memristor cell C(Oi®)unwantedly selected through PMOS. It result$RR (read
operation results in an incorrect read value degmtrect value stored in it).

e Stuck at Fault:

Suppose DO0-D1 is shorted and write 1 operatido ise performed on memristor cell C(0,0) so WO 3\O=0
DO0=1, D0=0. Value on data lines of all other columns shdwéd. But due to AND bridging between DO and DiLigan

DO is forced to logic 0. Thus, write 1 operatiomdg performed correctly, resulting in SAO fault.
Table 2 summarizes bridging defects and theit fagldels.
IV PROPOSED MARCH ELEMENT FOR 2TG1M MEMORY

To detect the faults for 2TG1M memristor memoryirted in section Ill, March test is proposed. Tharkh
sequence, March-2TG1M is as below.

March-2TG1M: {M1 :§ (wl); M2 : (r1,w0,r0); M3 1 ( rO,wl); M4 :J (r1,w0) ;M5 :U (rO,wl)}
To easily understand the algorithm, each Marchetd has been labelled with “Mx”, whereX1, 2,... }.

M, U, or § indicates that the memory addressing sequencsénding, descending, or either. Subsequently, how
the March-2TG1M detects the defined 2TG1M faultaidelow.

* SAOF: itis sensitized by M1 and detected by fiestd operation of M2.

» SAIlF:itis sensitized and detected by M2.

* IRF: it can be sensitized and detected by same #@sstat for stuck-at-faults i.e. M1, M2.
» Slow-write0: it is sensitized by M1 and w0 of M2dagletected by rO of M2.

e Slow-writel: it is sensitized by w0 of M2 and w1M8 and detected by rl of M4.

«  WDF: WDF(0,0) whose aggressor position is lowenttze victim are sensitized and detected by M1ranavO
of M2; WDF(0,0) whose aggressor position is higiam the victim are sensitized and detected by fil»and
M4; WDF(1,1) whose aggressor position is lower tifaa victim are sensitized and detected by w0 of aid
M3; WDF(1,1) whose aggressor position is highenttize victim are sensitized and detected by w0 dfavid
M5.

For an mxn 2TG1M memory, March-2TG1M needs 5mu igg@erations as well as 5mn write operations.
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V CONCLUSION

In this, paper detailed fault analysis for mxn ZIM&G memristor memory is done. The advantages of ZMMG1
structure over 1T1M structure come along with s@uéitional bridging faults. Thus, 2TG1M memory sture increases
memory speed on the cost of increase in testimytsffAnalysis of fault models like stuck-at, slewite, incorrect read
and write disturbance are carried out. The Marc$t peoposed comprehensively covers all defineddaarnd is based on
analysis of previous work carried out on memrist@mories. The proposed March Test requires 5mnardddmn write

operations fomxn 2TG1M memory.

Table 2: Fault Types Caused by Bridge Defects

Defect Location | Aggressor | Victim Fault Models
R C(b,0) C(1,0) | WDF(1,1), WDF(0,0)
Bt C(b,0) | IRF
Re2 (0.0 (1.0 WDF(1,1), WDF(0,0), IRF
C(1,0) C(0,0)
R C(a,0) C(0,0) | WDF(1,1), WDF(0,0)
83 C(a,0) | IRF
R C(b,0) C(0,0) | WDF(1,1), WDF(0,0)
B4 C(b,0) | IRF
Res, Reis C(0,0) | SAO
Res, Re1o C(0,0) | SA1
Re7 C(a,0) | SAO
Res C(a,0) | SA1L
C(0,0) | SAO
RBQ
C(a,0) | IRF
C(0,0) | SA1
RBlO
C(a,0) | IRF
Reis Re C(0,0) | SAO
BlL 710 c(0,1) | sAo
Ress Re C(0,0) | SAO
Bl TBI8 c(0,1) | sA1
Resa Re C(0,0) | SA1
Bl 7820 c(0,1) | sAo
Ruis Re C(0,0) | SA1
Ble 722 c(0,1) | sA1
coo L9 | WO
coo L9 | WO
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