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Abstract

We have calculated the maximum useful bit density that may be achieved by the synergy of bad
bit exclusion and advanced (BCH) error correcting codes in prospective crossbar nanoelectronic
memories, as a function of defective memory cell fraction. While our calculations are based on a
particular (“CMOL”) memory topology, with naturally segmented nanowires and an area-
distributed nano/CMOS interface, for realistic parameters our results are also applicable to
“global” crossbar memories with peripheral interfaces. The results indicate that the crossbar
memories with a nano/CMOS pitch ratio close to 1/3 (which is typical for the current, initial
stage of the nanoelectronics development), may overcome purely semiconductor memories in
useful bit density if the fraction of nanodevice defects (stuck-on-faults) is below ~15%, even
under rather tough, 30 ns upper bound on the total access time. Moreover, as the technology
matures, and the pitch ratio approaches an order of magnitude, the crossbar memories may be far
superior to the densest semiconductor memories by providing, e. g., a 1 Tbit/cm® density even
for a plausible defect fraction of 2%. These highly encouraging results are much better that
those reported in literature earlier, including our own early work, mostly due to more advanced

error correcting codes.
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1. INTRODUCTION

The performance of many electronic products, including all computing systems (from
palmtops to supercomputers) and many portable consumer electronic devices (cell phones,
portable digital video and music players, digital cameras, etc.), substantially depends on
memory.'” Actually, the very success of some electronic systems in the future may depend on
the memory scaling prospects.* However, the conventional semiconductor memories (including
SRAM, DRAM and Flash) are already approaching their scaling limits.” This is why several
prospective memories, including SONOS, FRAM, MRAM, and PCM (see, for example, the
“Emerging Research Devices” section of the International Technology Roadmap for
Semiconductors®) have been suggested and are actively explored. Unfortunately, the electronic
industry has not yet fully recognized the potential value of “crossbar” (a.k.a. “resistive”, or “1R”
or “0T”’) memories whose cell does not require a transistor and hence may have the smallest area.

In such memories, information bits are stored in a two-terminal bistable nanodevices (called
“latching switches” or “programmable diodes”) which are formed at each crosspoint of nanowire
crossbar structures (Fig. 1a). The device /-V curve (Fig. 1b) has two branches corresponding to
its two possible internal states. (In the equivalent circuits shown in Figs. 1c, d, this bistability is
represented by a switch. Note that a quantitative analysis of memory performance, like the one
carried out in this work, requires more accurate equivalent circuits — see Sec. 6 below.) In the
low-resistive state presenting binary 1, the nanodevice is essentially a diode, so that the
application of voltage V; < Vreap < V5 to one (say, horizontal) nanowire leading to the memory
cell gives substantial current injection into the second wire (Fig. 1c). This current pulls up

voltage Vo, which can now be read out by a sense amplifier. (The diode’s property to have low
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current at voltages above -V; prevents parasitic currents which might be induced in other state-1
cells by the output voltage — see the red line in Fig. 1c and a quantitative analysis in Ref. 6. It
also reduces shot noise in the output line — see Sec. 6 for details.)

In state 0 (which presents binary zero) the crosspoint current is very small, giving a
nominally negligible contribution to output signals at readout. In order to switch it to state 1 (i.e.,
write binary 1 into the cell), the two nanowires leading to the device are fed by voltages =Vwrire
(Fig. 1d), with Vwrite < Vi < 2Vwrite. (The left inequality ensures that this operation does not
disturb the state of “semi-selected” devices contacting just one of the biased nanowires.) The
write 0 operation is performed similarly using the reciprocal switching with threshold V. (Fig.
Ib). It is evident from Figs. Ic, d that the read and write operations may be performed
simultaneously with all cells of one row.’

Two-terminal devices with the functionality of programmable diodes (Fig. 1b) have been
demonstrated using several structures, notably including amorphous metal-oxide films,*"

21,22

relatively thick organic films with'®*® and without embedded metallic clusters, self-

327 and thin chalcogenide layers.”® A significant advantage of

assembled molecular monolayers,
the crossbar memories over other prospective memory technologies is that such two-terminal
nanodevices with necessary characteristics have only one (in Fig. 1a, vertical) critical dimension.
This dimension may be defined by the thickness of deposited film(s) or self-assembled molecular
monolayers and as a result may be scaled down, sustaining very high precision, well below 10
nm without an unacceptable increase of fabrication costs.

The second important advantage of crossbar memories is their small cell footprint (2Fnan0)2,

where Fhano 1S the nanowire half-pitch. This fact is especially significant because arrays of

parallel nanowires may be fabricated by several advanced patterning technologies (such as
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nanoimprint or interference lithography ™) which may combine acceptable fabrication
speed with very small Fino. Indeed, nanoimprint technology has already allowed a crossbar
memory prototype with Fpa = 30 nm >’ and a nanowire crossbar with Fpano = 17 nm ** to be
experimentally demonstrated, and there are good prospects for the half-pitch reduction to 3 nm
or so within the next decade.””'

The last number corresponds to an unprecedented memory density in excess of 1 Terabit/cm’,
i. e. three orders of magnitude higher than that in existing semiconductor memory chips.” On the
other hand, the relatively high number of defective crosspoint nanodevices may be an obstacle
for the implementation of this advantage, especially if improper architectures are used. This is
why crossbar memories deserve a thorough theoretical analysis.

The goal of this work has been to extend and improve significantly the first results obtained
in this direction.’®*” In the next Section 2 we describe the most important issues which have to
be addressed at crossbar memory analysis, as well as the results and shortcomings of the initial
efforts. Sections 3-6 are devoted to a detailed description of the considered memory architecture

and the assumptions used for our present analysis, while its results are described and discussed in

Sec. 7 and 8.

2. CROSSBAR MEMORY ISSUES
In order to be relevant, any analysis of crossbar memories has to take into account two main
challenges faced by their practical development.
(1) The high-resolution patterning technologies mentioned above do not offer equally
accurate layer alignment (“overlay”). This is why interfacing nanowire crossbars to peripheral

CMOS circuits (fabricated using cruder patterning technologies with half-pitch Femos >> Fhano)
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presents a challenge. Several initial suggestions for forming such interfaces at the crossbar array
periphery (for their reviews see Refs. 38-41) do not seem very practicable.*” Recently, we

suggested** ™

a new approach (dubbed “CMOL”) in which the interface is provided all over the
chip surface, using pins with the CMOS pitch but nanoscale-sharp tips (Fig. 2). The main feature
of the CMOL topology is that it provides a unique access from the CMOS subsystem to each
crossbar nanowire (whether in the bottom or the top layer) with the theoretical 100% fabrication
yield even in the absence of any alignment between the CMOS and crossbar subsystems. (Note,
that the last statement is only true for the recently introduced*> CMOL version in which each pin,
going to the upper nanowire level, intentionally interrupts a lower level wire — see Fig. 2.)
Moreover, the “red” pins reaching the lower level of the crossbar provide such access to each
segment of the bottom level nanowires. (Such segments are naturally formed by the breaks
provided by the “blue” pins going to the upper level.) In the architecture considered in this work,
we take the CMOL wire segmentation into account, but for realistic parameters all our results are
also valid for “global” crossbar memories with peripheral interfaces.

(i1) For some programmable diode types, the device bistability mechanism is not yet clear,
but for the currently most reproducible metal-oxide devices" it is probably due to electron
trapping in localized states.*® The basic drawback of the diodes based on this mechanism is that
in order to feature reasonable current density, the distance between active localized states cannot

be much smaller than ~3 nm.**®

In order to be statistically reproducible, the device should have
a large number of the states. This is why the extension of the excellent reproducibility

demonstrated for crosspoint devices with Fian > 100 nm> (as in Ref. 15) to cells with Fyano < 10

nm may present a major challenge.
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This problem may be addressed using uniform self-assembled monolayers of specially

42,49

designed molecules implementing single-electron latching switches.” (Metal-based, low-

temperature prototypes of such switches, with multi-hour retention times, have been

demonstrated experimentally.”'

However, so far molecular implementations have been only
demonstrated®>’ for the main components of these devices, single-electron transistors.) A major
challenge on this way is the reproducibility of the interface between the monolayer and the
second (top) metallic electrode, because of the trend of the metallic atoms to diffuse inside the
monolayer during the electrode deposition.”® Recent very encouraging results towards the
solution of this problem have been obtained using an intermediate layer of a conducting
polymer.”® Another opportunity is to terminate the synthesized molecules, before their self-
assembly, with special metallic clusters or large acceptor groups which would play the role of
“floating electrodes”.* The recently reported experimental results” may be considered as the
first step toward the practical implementation of this opportunity.

It is natural to expect that at the initial stage of development of all these devices, their
fabrication yield for Fyan, < 30 nm will be considerably below 100%, and, for Fpun, ~ 3 nm, will
possibly never approach this limit closer than a few percent. This is why the crossbar memory
architectures have to ensure high defect tolerance. The two main approaches for fighting errors
in memories are reconfiguration, i.e. the replacement of bad memory cells with spare ones, and

2,60

error correcting codes (ECC).””" For higher defect rates the best defect tolerance can be achieved

by combining these two techniques.®'
Earlier we investigated the density vs. defect tolerance tradeoff in crossbar memories,

provided by such synergy, using only very light (Hamming) codes.® The results were not too

optimistic: with a reasonably fast “Repair Most” algorithm of bad line replacement, an order-of-
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magnitude advantage over best possible semiconductor memories®* might be achieved for the
fraction of bad memory cells not exceeding ~0.1%.

DeHon et al.’” and Sun et al.”* have indicated that much better defect tolerance (up to ~10%)
may be achieved using more advanced ECC, e.g., Reed-Solomon and Bose-Chaudhuri-
Hocquenghem (BCH) codes.** Unfortunately, in those works, the contributions of the circuits
implementing these codes to the memory access time (which for some codes may be extremely
large) and the total memory area have not been estimated. Also, the account of the finite leakage
current through nominally closed crosspoints (which has been neglected in Ref. 37) may change
the memory scaling rather substantially.®

In this work we present a detailed analysis of possible tradeoff between density, defect
tolerance, and speed performance of crossbar memories on the example of their CMOL variety.

We reach high defect tolerance via synergy of bad bit exclusion (using the optimized granularity)

with advanced BCH error correcting codes® with optimized parameters.

3. MEMORY ARCHITECTURE AND OPERATION

We consider a natural top structure of CMOL memory (Fig. 3a), which is essentially similar
to that accepted in Ref. 36. It is a rectangular array of L crossbar memory banks (“blocks”) — Fig.
3a. During a single operation, a particular row of CMOL blocks is accessed with the help of
block address decoders. The block architecture (Fig. 3b) is specific for the CMOL interface
which allows the placement of CMOS “relay” cells under the nanowire crossbar. These cells are
controlled by CMOS-level decoders, four per each block (Fig. 3b). At each elementary operation,
one pair of block decoders (shown in magenta in Fig. 3b, as well as Figs. 4 and 5 below)

addresses one vertical and one horizontal CMOS line, and thus selects a certain relay cell at their
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crosspoint. This cell (Fig. 5) applies the data signal to a “red” interface pin contacting a bottom-
layer nanowire. The other pair of decoders (shown in violet in Figs. 3b, 4 and 5) selects a set of
different relay cells which provide similar biasing of the corresponding top level nanowires
through “blue” pins. These nanowires may now address all crosspoint nanodevices (memory
cells) of a particular nanowire segment. Thus the four decoders of the block, working together,
can provide every memory cell of the segment with voltages necessary for the read and write
operations.

The remaining circuitry shown in Fig. 3b, i.e. CMOS-based mapping table and address
control circuitry, is needed to convert the logical (external) addresses, which are fed to the
CMOL blocks, into internal addresses of memory cells inside the block. In particular, the
mapping table converts the logical address of the segment (which is the same for all selected
blocks) into a pair of block-specific physical addresses, Aco1 and Aowi, and CMOS-implemented
decoders activate the corresponding CMOS-level lines.

Figure 4 shows the low-level structure of the CMOL memory for a particular value of the
main topological parameter of CMOL, r = 4. (For realistic parameters, » >> 1 — see Sec. 7 and 8)
The top-level nanowires (here shown quasi-horizontal) stretch over the whole block, but the low-
level (nearly-vertical) nanowires are naturally cut into segments of equal length. An elementary
analysis of the CMOL geometry (Fig. 2b) shows that each nanowire segment stretches over r
CMOS cells and contacts 7 (in Fig. 4, sixteen) crosspoint nanodevices.

Signals Acoin and Ayw are applied to CMOS wires, feeding the “red” lines of the
corresponding CMOS-implemented relay cells (Fig. 5). By opening all pass transistors of the
row, Arwi selects a specific “red” pin of column Ao, so that the data A are fed only to a

. . . ) . .
specific nanowire segment contacting 7~ crosspoint nanodevices. In parallel, addresses Ao and
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Arow1 are fed to the CMOS-based address control circuitry to generate another pair of physical
addresses Acowz and Acop. Signal Ao opens the “blue”-pin pass transistors in relay cells of a
row, and therefore connects each of > quasi-horizontal nanowires of the top layer to a specific
CMOS lines (shown purple), thus enabling a read or write operation.

For large CMOL arrays (say, a square array with ¥ relay cells on a side, with W >> %), most
nanowire segments are well inside the array. In order to address such segments, A2 might just
reproduce Aywi. The problem with such scheme is that it would allow addressing only W(W - r2)
internal nanowire segments, of the total number 2. In order to decrease the associated loss of
wr* memory cells (of the total ##* relay cells in the block), we prefer to address simultaneously
two lines:

Arowza = Arow1 T+ 7/2, (1)

Arowzb = Arowt - /2. ()
Such addressing scheme (Fig. 4) reduces the loss to just #»° memory cells per block. (For the
case shown in Fig. 4, the lost cells are located in two rectangular Wxr/2 areas on the top and at
the bottom of the array.)’® The associated area penalty is negligible in most cases (see the
analysis below).

Note that of ¥ output CMOS lines (purple arrows on the bottom of each panel of Fig. 4), at
each operation only 7* lines are connected to nanodevices of the selected fragment. The selection
of these useful lines (or a part of them, see Sec. 4 below) and their connection to the system
output are provided by the data decoder controlled by signal Ao (Fig. 3). The necessary circuit
is rather simple (essentially, a barrel shifter) and may be readily implemented in the CMOS
subsystem.

4. DEFECT TOLERANCE CALCULATION
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We have calculated the tolerance of our memories to “hard” (fabrication-induced) defects,
using the following assumptions:

(1) defective nanodevice cells are randomly distributed, with probability ¢, around the

memory;"’

(i1) the effect of defective interface pins, nanowires, and CMOS components is negligibly

small; and

(ii1) the defects correspond to permanently disconnected crosspoints (i.e. are similar to
“stuck-on-open” faults).

These assumptions seem reasonable at least at the present stage of development of molecular

electronics, and have been made in most analyses of nanoelectronic circuits.*®"-*>- 57!

(In future,
it is certainly desirable to extend the analysis to “stuck-on-close” defects and unintentional
nanowire breaks. In this paper, we will only briefly discuss the possible effect of such defects on
the performance of the memory.)

In the synergetic approach of combining the memory array reconfiguration with ECC,'
memory cells are divided into fragments of certain size (“granularity”). Each of these fragments
is tested using ECC circuitry, and those of them which may not be ECC-corrected are excluded
from operation. (For that, the addresses of good fragments are written into the mapping table, see
Fig. 3). If the fraction ¢ of bad bits is large, the large granularity of exclusion is impracticable,
due to the exponential growth of the number of necessary redundant resources. (In particular, this
was the reason of the relatively poor defect tolerance achieved in our previous work,*® where
only global nanowires might be excluded.) On the other hand, fine granularity requires an

unacceptably large mapping table. In this work we use a new, more flexible approach when the

granularity of exclusion is not related to the physical structure of the memory array. This means
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that the data fragment length, equal to g nanowire segments (i.e. gr* memory cells) may be either
smaller or larger than the one segment (which has 7* memory cells).

In the former case (g < 1), the fragment is physically placed on a part of one nanowire
segment. This can be easily implemented by keeping an additional “displacement” address inside
the mapping table, and an additional circuitry which multiplies the displacement by gr* and adds
the result to Acp. In the latter case (g > 1), the fragment is physically placed (at the same
intrablock address) into g nanowire segments of g adjacent blocks of the same block row — see
Fig. 3a. (Their location inside the same block would result in a larger block size, and hence in
larger global nanowire capacitance and delay time — see Sec. 6.) This requires the address
mapping table to be shared between g neighboring blocks.

For a binary ECC with length n and the information length &, which can fix up to ¢ errors in

any of the n bits, the probability Prto fix a fragment is

o]

Here 7 is assumed to divide gr” exactly. (If this is not so, the bits in the reminder cannot be used
and would be wasted.) If each block has a spare and m useful fragments (with the sum m + a =
W?), the probability Py, for a “superblock™ (consisting of g adjacent blocks which share data

fragments) to be fully functional can be calculated as
N m+a i +a—i
Psb:Z( ; j(l—Pf)'Pf’" : 4)
i=0

and the yield Y of the total memory is
Y =Py, (5)
In order to characterize the defect tolerance, we fix Y at a certain level (usually, 90%), and

numerically optimize the granularity (fragment length g) and ECC parameters n and k to
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calculate the maximum manageable fraction ¢ of bad memory cells. Since for realistic
parameters (in particular, > >>1), Py drops from nearly one to zero extremely fast at certain ¢
<< 1, the block size (and hence the number L of blocks at a fixed total memory size LW4*) and Y

virtually do not affect these results.

5. AREA CALCULATION
5.1 Total Area and Capacity
Since for realistic block dimensions the area of block decoders (Fig. 3a) is negligible,”® the
total memory area may be calculated as
A=L X Apiock =L X (Aarray T Acell decoder T Adriversense + & Acontrol + & Amapping tvle)>  (6)

while useful capacity of the memory is

N:£mk{g—r2J , (7)
g n

where m is the number of good data fragments per block, L/g is the number of “superblocks”,
and g” the number of memory cells in one fragment - see Sec. 4 above. The ratio k/n < 1 reflects
the area loss due to the ECC. The memory density may be characterized by the total area per one

useful cell, i.e. the ratio A/N, which may be conveniently expressed in the units of (Fceumos)™.

5.2. Crossbar Arrays
The area of a CMOL array of WxW relay cells is simply
Auray = W % (2BFemios)’s (®)
where f > 1.6, since the minimum area of the CMOS cell housing two minimum-width pass
transistors (Fig. 5) may be estimated as 10(Femos)” - see, e.g. Ref. 36.

5.3. Decoders
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Our decoders are essentially the pass-gate-based multiplexers (Fig. 6a), with all CMOS
transistors of minimum width.*® We assume that one pass gate, consisting of one nMOS and one
pMOS transistors, can be placed in the area of 4Fcnmos*2fF cmos, 1.€. matching the CMOS pitch
of the memory array. In this case the height of the 2"-input decoder is simply 2log: W*2Fcwmos.
Similarly, we have assumed that the height of the *-out-of-# barrel shifter implementation (Fig.
6b) is equal to (210g2W+r2)X2FCMOS.

Considering a 6-transitor latch-style implementation of sense amplifiers’ with Agenee =
100%(F CMOS)z, and 2-transistor drive buffers (inverters) with Agive = 25%(F CMOS)z, the increase in
the linear size of the crossbar array in the horizontal direction, due to decoders, is

Awy = (12loga W + 2 Agrive/ 2BF cmos) % Femos. 9)
Similarly, the array increase in the vertical dimension due to one decoder and one barrel shifter is
Awy = (8logaW +21* + (2AarivetAsense) 2BF cmos) *Femos. (10)
5.4. Control Circuitry
The control circuitry consists of two adders of length log, W (bits). Since it is relatively short,
we assume the ripple carry implementation with the area of a 1-bit full adder equal to
2000%(Femos)?, > so that
Aconzor =4000 loga ¥ x (Fenos)” (11
Control circuitry may be placed into the corner areas between the adjacent cell decoders;
therefore the area contribution from the first four terms in Eq. (6) may be calculated as
Aarray T Acell decoder T Adriversense T & 'Acontrol
= (Wx2BFcmos TAw ) (Wx2BFcmos HAw2)+max(0, g™ Acono-AwiAws) . (12)
The area of mapping table implemented in CMOS is assumed to be

Amapping table — 2m10g2 Wx (ZFCMOS)Z- ( 1 3)

C:\Likharev\CMOL\Papers\Memory 2006\JNN\Revision 0506\Preprint053006.doc 13



5.5. ECC Decoders

We have studied the area and delay tradeoffs of fast bit-parallel decoding for a popular class
of multiple-bit error-correcting linear codes — BCH codes. (For example, the Reed-Solomon
codes® which are a subclass of the BCH family, are broadly used in today’s flash memories and
storage devices.”) While BCH ECC may not be the absolutely best option for our particular
problem,73 they are among the most efficient short codes (with n <512), and certainly much
more powerful than the Hamming codes used in Ref. 36. Our model of a fast bit-parallel decoder
for BCH codes is presented Appendix. Its analysis shows, in particular, that the decoder area, in

the units of (F CMos)z, may be estimated as
Ayen 1250t (log, n)’ +40n(log, n)’ +250ntlog, n+190nlog, n+1200¢(log, n)” +300¢* log, n . (14)

Figure 7 shows several examples of application of this formula. The results indicate that the
decoder area (even for this completely parallel, i. e., the most spacious, implementation) is
negligible in comparison with that of memory arrays, so that it will not be considered in the

optimization procedure described below.

6. SPEED AND POWER
6.1. ECC Decoder
The BCH ECC decoder delay calculation is also described in the Appendix. In the units of
the standard CMOS fan-out-of-four delay, it may be expressed as
Tyen = 0.7tlog, n+0.7¢t + 8t log, log, n+3.6tlog, t +2.5log, log, n+1.8log, r+1.8. (15)
Figure 7 shows several results obtained using this formula. We will now show that the delays of

. . 4 . . . .
read and write operations’” in the crossbar arrays with metallic nanowires, as well as those of
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moving data between the blocks, are much shorter than that of ECC decoding, expressed by Eq.
(15). Indeed, let us first estimate the delays inside the blocks.

6.2. Nanowires

The resistance of metallic nanowires may be calculated” as that of conductors with cross-section
FranoxFrano and resistivity p adjusted to diffusive surface scattering of electrons:

pzp0x(1+/1/F:1ano)5 (16)

where py is the table (bulk) resistivity of a pure metal. We have assumed values po= 2 pQ-cm
and 4 = 10 nm which are typical for good metals at room temperature. The capacitance of
nanowires per unit length for the considered range of Fiano 1s about 0.2 fF/ um.m
6.3. Crosspoint Nanodevices

We have assumed that each crosspoint programmable diode is implemented as a parallel

connection of D single-electron latching switches,’®™

so that the resistance of the single
crosspoint nanodevice is Ron/D and Ropg/D in the ON and OFF states, correspondingly.
(Estimates for the devices based on electron trapping in random localized states are in the same
ballpark, because the basic physics of their operation® is very close to that of single-electron
devices.) Based on the experimental data for self-assembled monolayers (see, e.g., Ref. 76), the
footprint of a single molecule may be estimated as 0.25 nm’ so for D we have used the
following value:
D = (Fyano)*/(0.25 nm?). (17)
Resistances Ron and Ropr are related by the equation for the second-order quantum effect,

elastic co-tunneling:”’

=
=

e ()

ON

&
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where Rp = /e* = 4.1 kQ is the quantum unit of resistance. (The thermally-induced suppression
of Rogr 1s typically negligible.36)

6.4. Intrablock Delay

The necessary condition for a reliable read operation is that the voltage swing between the worst
cases of reading state “1” and state “0” on the input of the sense amplifier is approximately 10
times larger than the r.m.s. voltage fluctuations AVy due to the noise. (Here, the factor 10 results
from the assumed Gaussian distribution of noise and the requirement of keeping the bit error rate
below 107. This is sufficient, e.g., to provide a 10%hour mean time to failure at the very
aggressive aggregate memory bandwidth of 1 Tbit/s. Note that the factor 23 accepted in Ref. 70
was excessive, leading to a certain underestimate of the possible performance of CMOL FPGA
logic circuits.) The voltage swing can be found from the equivalent circuit shown in Fig. 8. Here
we have assumed that all unselected nanowire segments are pulled to the ground through
resistance (RyireRorr/D)"* which is the input resistance of a semi-infinite ladder formed by the
wire resistances Ry Of the length 2F}.n, and crosspoint nanodevices in OFF state Ropr/D. Note
that the pulldown resistance Rpq shown in Fig. 5 may be neglected here since it is much less than
Rorr/D. Also, in the equivalent circuit we neglect the resistance of bottom layer nanowires,
which is at most 1/2r2Rwire, i.e. much smaller than the worst-case resistance r3Rwire of the top
level (quasi-horizontal) nanowire.

For all reasonable parameter sets, it is possible to pick a realistic value of Ron such that the

following conditions are satisfied:

RON/D << r3Rwirea (19)
Roense<<r 3Rwire, (20)
Rsense <<(RwireROFF/D) 12 . (2 1 )
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In this case, all the formulas describing the equivalent circuit may be significantly simplified. In
particular, the voltage swing is simply

R
vV ~ sense VREAD . (22)

swing 3 R

In general, the equivalent circuit shown in Fig. 8 allows one to calculate the total noise AV,

contributed by the shot noise on the nanodevices in their ON and OFF states, and the thermal
(Johnson-Nyquist) noise on the nanowires and Rynse. However, the inequalities (19)-(21) ensure

that AV, is dominated by the thermal noise of Rgense, SO that

AV, = [k, T 1(2C, . + Copos)]”?, (23)
where Cyire 1s the capacitance of the global quasi-horizontal nanowire, of length Wrx2F o,
while Ccmos is a capacitance of the CMOS data line of the same length (see the violet data lines
in Fig. 4). The typical value of Ccmos for the considered CMOS technology nodes is about 0.1
fF/ um.s The doubling of Cyir. in Eq. (23) is due to the fact that two CMOS select lines have to be
activated for a read operation (Fig. 4) and therefore two quasi horizontal nanowire lines will be

charged.

The full intrablock latency may be estimated as

Tinablock = Rsense (2C0ire T Comos) - (24)
6.5. Interblock Delay
This delay can be reduced by adding repeaters on the periphery of each block, so that the
delay is
ok = 1/ 2V LRo05Conos (25)

where resistance Rcmos 18, similarly to Cemos, proportional to the linear block size. Here we

assume that the area overhead due to the repeaters is insignificant.
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6.6. Example

Now let us consider a particular, but typical case W = 256, Fcmos = 45 nm and Fpapo = 4.5 nm
(and hence » = 16). In this case the nanowire resistance Ry turns out to be about 14 Q, r3RWire ~
57 KQ, while Cyre = 7.4 fF. By using nanodevices with Rox = 400 KQ = 10? Ry, and therefore
Rorr = 40 GQ, the resistances of the crosspoint devices are, respectively, Ron/D = 5 KQ, and
Rorr/D = 0.5 GQ, since for the considered value of Fj.n, the packing factor D is about 80. Using
a typical CMOS value Vgeap = 1V, the smallest possible Rynse may be found from Eq. (22) and
(23) to equal 3 KQ, i.e. a level much lower than the parallel resistance of the semi-infinite ladder
(RwireRorr/D)"? =~ 84 KQ. 1t is easy to check that all conditions (20)-(22) are satisfied, so that our
approximate formulas are indeed valid. The corresponding intrablock delay in this case is about
55 ps, i.e. much smaller than that of the ECC decoding and hence can be neglected. (Even in case
of Femos = 22 nm and Fpano = 2.2 nm the intrablock delay, which is linearly proportional to the
Ruyire, is only 400 ps.)”®

Similarly, the interblock delay (25) can be neglected since it is below 1 ns even for the
“worst” case of Fcmos = 22 nm. Indeed, for CMOS metal 1 layer lines, the typical specific
resistance is about 40 €/ um,s 1.e. for the block size W= 256, the CMOS wire resistance Rcmos 1S
approximately 700 Q. Assuming Fpano = 2.2 nm and N = 1 Tbit (which gives VL of the order of
1000), the corresponding interblock delay is about 0.65 ns, i.e. also much smaller than the ECC
decoding delay.

Due to this fact, our results are rather insensitive to the hardware assumptions made above.
6.7. Power

The assumptions and formulas given above allow also a calculation of power consumption in

all components of the memory. Such calculations show that the power consumption is well
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below the ITRS-specified limits.” Indeed, the consumption is dominated by the static power
dissipated in nanowires connected to the nanodevices in ON state. Since there might be at most
»* such nanowires (with the average resistance 1/27° Ryire) in a block, the corresponding power for
the whole memory can be estimated as 2VL(Vreap)*/(7Ruire), giving the power density well below
1 W/cm?® for all cases we have studied. Note, however, that local overheating is still possible and
should be carefully evaluated in future. At such analysis, one may consider an option of a modest
increase of Ron and/or decrease of Vrgap, since the resulting increase of the intrablock latency

would not affect the total memory access time significantly.

7. OPTIMIZATION
Requiring that the total yield Y described by Eq. (5) is fixed at a certain level, we first
investigate how the normalized memory area per useful bit, defined as™

4
]\'](PVCMOS)2 ’

(26)

4

depends on the block size W. Figure 9 shows the results of this calculation for fixed granularity
and ECC code parameters. Not surprisingly, the exponential explosion of redundancy at W — o,
pertinent to the global crossbar memory architecture,’® disappears in our current approach, since
the granularity of exclusion does not depend on the block size.

Concerning other contributions to 4, for large arrays (in the case shown in Fig. 9, for W >
100), the most important contributor is the mapping table whose area grows logarithmically with
W —see Eq. (13). This overhead can be reduced dramatically by choosing appropriate granularity
parameter g — see below. The next important overhead is that of the cell address decoders, which
does not allow the reduction of W below ~2’. Because of that, in our calculations we have used

the fixed value W = 2% = 256. This is very convenient for the most interesting case Femos/Faano
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=10 (r = 16), because in this case W = 1> =256, and there is no need in the barrel shifter (Fig. 4).
Moreover, in this case, and g > 1, all CMOS data wires of each array are fully used at each
operation, resulting in the maximum possible throughput.

Let us now return to the mapping table overhead. Figure 10 shows this overhead in
comparison with that due to the redundant cells, as a function of data fragment size (granularity).
As Eq. (13) shows, when the granularity is increased, the mapping table shrinks (because the
memory has fewer fragments). On the other hand, the redundancy overhead is skyrocketing,
because the use of heavy BCH codes, which are necessary to handle such long fragments, is very
expensive in terms of decoding latency. Only if the fraction of bad bits is very low, this increase
of the redundant cell number (in order to get fixed yield Y) is deferred to very high data fragment

size.

8. RESULTS AND DISCUSSION

Figure 11 presents typical final results” of our optimization procedure carried out for several
values of the total access time (for our parameters, dominated by the ECC decoding time). The
cusps on the curves are due to sudden changes of discrete parameters (g7, n and k) for which the
largest memory density is achieved. These changes are clearly visible in Table 1 which provides
details of the optimization results for the particular case 7= 10 ns and Femos/Frano = 10. One can
see that as the fraction ¢ of bad memory cells is increased, the granularity gr* has to be decreased
in order to sustain acceptable probability of ECC-correctable data fragments. (Only for very high
g the fragment length gr* becomes less than the nanowire segment size /%, i.e. the fragment may
be stored in a single block.) As a result, optimal error correcting codes become shorter, i.e. » and

k decrease.
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Returning to Fig. 1la, it shows that even at the initial stage of the CMOL technology
development (when the ratio Femos/Frano 1S Of the order of 3), the defect tolerance and density of
crossbar memories may be quite impressive. Indeed, if the required latency is not too small (say,
10 ns or higher), crossbar memories may become denser than CMOS-based memories at the
fraction of bad devices as high as ~15%, and at the (quite realistic) value ¢ = 5% provide a nearly

five-fold density edge (« = 1.2 instead of 6). For Fjan, = 15 nm this would mean useful a density

of ~30 Gbits/cm?, i.e. the level which CMOS technology may be able to reach in the very end of
scaling,” if ever. Note that these (and all the following) results are much better than those

obtained in our initial work,*® where, for example, the normalized area « = 1.2 could only be

reached (for the similar Fomos/Frano Tatio) at ¢ = 3% using the impracticably long Exhaustive
Search algorithm, while for the realistic Repair Most algorithm, gmax was as low as ~107. This
improvement is due mostly to the use of more advanced error correcting codes.

Moreover, as the CMOL technology matures, and the Femos/Frano Tatio approaches an order
of magnitude (say, Fcmos = 32 nm, Fhano = 3 nm 80), the crossbar memory superiority may be
quite spectacular. Indeed, as Fig. 11b shows, for the defect fraction ¢ = 2% (which looks quite

plausible), the cell area factor « may become as low as 0.1, implying the dimensional density as

high as 1 Tbit/cm?, far beyond the most optimistic projections for CMOS technology.’

For the latter design point, the estimated memory throughput is equally impressive (helped
by the fact that this pitch ratio optimizes the throughput, since all CMOS data lines are being
utilized). Indeed, even assuming a BCH decoder without pipelining, the memory bandwidth can
be as high as 30 Tb/s for a 1 cm” chip. (For reaching this maximum, the BCH decoder has to be
replicated for each column of CMOL blocks, but even in this case the corresponding area

overhead is less than 20% - Fig. 7).
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Note, however, that our optimistic results for the memory speed (latency and throughput) are
based on the fundamental physical limitations for the crosspoint nanodevice parameters, in
particular, Ron. For the currently implemented programmable diodes, the picture is somewhat
different. For example, for the simple and reproducible CuO, devices," scaled down to Fyano = 3
nm, the effective value of Ron/D would be ~2 MQ, resulting in intrablock latency of about 50 ns.
This means that our results (Fig. 11) would degrade only slightly. On the other hand, for the
demonstrated reproducible molecular monolayers,”® typical Ron/D of a similarly scaled
crosspoint device would be in the G range, so that the memory speed would be much lower.
Nevertheless, a considerable progress of the improvement of molecular programmable diodes
during the next few years may be readily anticipated.

Another reservation has been made concerning our defect-tolerance results. Indeed, our
analysis has been limited to the crosspoint device defects equivalent to the stuck-at-open faults,
while in practice defects of other types are also possible. In this context, it is worth mentioning
that both breaks of the lower-layer nanowires and defective pins leading to these nanowires can
be very efficiently excluded by reconfiguration around them, using the techniques described
above. The exclusion of defects in the upper layer nanowires requires some modifications of the
hardware. For example, by increasing the size of array it is possible to access nanodevices
through several pins contacting the same nanowire simultaneously. (This would require a
somewhat more complicated address control circuitry, but the area of these circuits would still
give a negligible contribution to the total area.)

In contrast, the worst-case stuck-on-close-type defects (resulting in a very low crosspoint
resistance) can be overcome by exclusion of both nanowires leading to the defective crosspoint.

Preliminary estimates show that such exclusion incurs high area overhead, so that our current
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architecture is not very efficient for dealing with these defects. On the other hand, if a stuck-on-
close defect has a resistance comparable with the nominal value of Ron, addressing of several
adjacent nanodevices may still be possible. (An analysis of this problem is similar to finding
acceptable margins for variations of Ropr, Ron, and Ryire.) A quantitative analysis of the memory
tolerance to such defects is one of our next goals.

Finally, let us repeat that though our calculations have been carried out for CMOL memories
with their segmented nanowire structure (Fig. 4), we have found the contribution from the
nanowire recharging time to the total access time negligible.*' This is why our final results are
actually valid also for crossbar memories with global blocks and peripheral nano/CMOS
interfaces, though they seem much harder for the practical implementation than the distributed

CMOL interface.
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APPENDIX: BCH DECODER

A. General structure
For simplicity, let us consider primitive BCH codes, with the code length on the finite field
GF(2™) is k = 2"-1. A plausible implementation of the fast decoding for binary BCH codes
requires three major steps:***

Step 1: syndrome evaluation;

Step 2: finding the error-location polynomial using the Berlekamp-Massey iterative
algorithm; and

Step 3: finding error-location numbers with subsequent error-correction.
Let us estimate the area and delay contributions of the circuits of each step.
B. Step 1: Syndrome calculation

In a completely bit-parallel implementation each bit of a syndrome S can be obtained by a

separate XOR tree with inputs taken from the received code vector:™

1 1 . 1

(0) (&) - (o)

S=(S,,S,,...5,)=rH" =r . 27)

o) @)

Here r is a received code word of length £, H is a parity matrix, and ¢ is a primitive element in
GF(2"), i.e. each column in the matrix in the Eq. 27 can be rewritten as an m binary columns. On
the average, binary columns of H are half-filled with ones while in the worst case there is a
column with almost all ones. Hence the syndrome calculation circuit will be comprised of total

2tm XOR trees with the average depth log,(4/2) and the worst depth of log,k (Fig. 12).

7, =7, (k)= ’_Ing (k)_l X Tx0R > (28)
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A =2imx A, (k/2) = thmx Ay . (29)

Here by t.44(k) and A,44(k) we denote, correspondingly, the delay and area of 1-bit parallel
addition in finite field (XOR tree) of £ elements. Similarly, 7xor and Axor (and also 7or and Aor
which are used later in text) denote the delay and area of Boolean logic 2-input XOR (OR) gate,
respectively.
C. Step 2: Finding Error-Location Polynomial with Berlekamp-Massey Algorithm

Since the algorithm is based on a recursive procedure, it cannot be parallelized completely.
However, it is possible to speed up the computation of each iteration. The most time-consuming
operations in this step are calculating discrepancy d (element of the field GF(2")) and adjusting

error location polynomial o(X) if necessary,* e.g., for the u+1 step (0 < u <t-1):

1 _ 1 y2(u—i) __(i)
a(”*)(X)—a(”)(X)erﬂdi X eD(X), (30)
_ (+1) (u+1) (+1)
Ay =S80, 4000800 0,08, 0TS s (31)

Here i < u and j < u are the indices specific to the implementation of the algorithm.* For the
worst case, one needs to update 6,(X) in each iteration u, with the degree of 6,(X) exactly equal
to u. Hence the calculation of c,(X) in early iterations can be done with smaller circuit area and
(slightly) faster calculation time. However it also implies using different hardware for each
iteration. Instead we will assume the scheme shown in Fig. 13 where the hardware is shared
among the iterations and the latency is the same in all iterations, being dictated by the operations
on 6, (X) with the maximum degree .

The implementation of Eq. 30 (see part 2A of Figure 13) involves one inversion in GF(2"), 2¢
multiplications in GF(2"), m additions of ¢ bits and one multiplication by the indeterminate X**
? (i.e. a shift operation). Fast inversion can be done directly as a hard-wired LUT table for small

m, so that the complexity of such operation is roughly:*
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Ty (M) = [logz (m— lﬂ XTynp T (M—=1)X 75, (32)

A (m):imzkxAAND +%mk>< Aog- (33)

mnv

For small values of m (less than 10), the Mastrovito multiplier® ensures fast efficient

implementation comparable with the other approaches.* The complexity of such multiplier is
T (M) = T +2[ log, m | X Ty, (34)
Ay (m) =m0 x A+ x Ay (35)
Complexity for the fast shift operation (Fig. 13) is
Tain = Tanp T+ ’_log2 m—| X Tor s (36)
Ay =mtx Ay +mt’ x Ay - (37)
Thus, the complexity of the part 2A during one iteration is

7’-2A = Tinv (m) + z-mult (m) + z-add (t) =

(1 + ﬂogz(m — 1)—‘) XTunp + (Zflog2 m—| + flog2 t—|) XTyop +(M—=1)x7, (38)

A, =4, (m)+2tx A4

mv m

e (M) + A +mx A,,(1) =

39
(thz + 2m2t+im2ij Pz +(m2t+ mt)x Agor +(m2t+%mnjx Ay (39)

Here it is assumed that the inversion is a slower operation than the first multiplication and shift,
and hence it is included in the critical path delay calculation. Finally, assuming that part 2B is
implemented with (¢ - 1) multiplications and additions, and neglecting other circuitry (e.g., a

control unit), the total complexity of Step 2 is

T, = tx[sz + Tt (m)+Tadd(t)] =

40
t(2+[log2(m—l)—|)><rAND +t(2flog2 t]+4[log, m})erOR +t(m—1)x 7y, “0)
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A=A, +(1-1)xA4

mull

(m)+mxA4,,(1)=

41
(mt2 +3m2t+%m2k—m2)xAAND +(3mzt+2mt—m2)><AXOR +(%mk+m12ijOR. #1)

D. Step 3: Finding Error Location Numbers and Correction

The simple substitution which is performed in parallel for all 2" elements is the fastest
(though rather area-expensive) way to find the error location numbers. The test circuit for
checking whether some element from GF(2") is a root of the error location polynomial o(X)

requires a multiplication by a constant (Fig. 15) which has a complexity:**™*

z-const (m) = lrlogZ m—‘ x z-XOR > (42)

1
Ao (M) = (Emz - m} X Ayor - (43)
Hence the test circuit can be implemented with

Tiost = Toonst (M) + Toqq (£) +10g, (M) x 75y = log, (m) X 7, + (|710g2 m—l + ﬂogz (t)—‘) XTxor > (44)

1
A =X A (M) +mx A, (£) +mx Ay, = Etmz X Ayor +M* Ayp 5 (45)

so that the total complexity of the step 3 is

Ty =Ty + Txor =] 108, (m) |X T + (1 +[log, m]+[ log, (t)—‘)x Tyors (46)
A =kx A (m)+kx Ay = etmzk ; ij A+ hmx A, 47)
F. Summary

To summarize our results, it is more convenient to express the decoder complexity in
technology-independent units such as CMOS half-pitch Fcmos and fanout-of-4 inverter delay
Tros. To simplify the analysis let us assume the static CMOS gate implementation. Using

SCMOS rules,” the areas of the static minimum-size 2-input OR (6-transsitor), 2-input AND (6-
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transistor) and 2-input XOR (10-transistor) gates are roughly equal to, correspondingly, 150, 150
and 250 (Femos)?, while their delays (assuming that each gate drives only one copy of itself) are
about 2/3, 2/3 and 9/5.% Finally, adding contributions from each step, i.c. using Egs. 28, 29, 40,
41, 46, 47 and dropping negligibly small terms, the full area and latency of the BCH decoder can
be described by Eqs. 14 and 15, correspondingly.

It is worth mentioning that our model, though sufficient for our purposes, is rather crude
because it: (i) does not account for wire delays; (ii) is based on the minimum-width gates, and
(ii1) does not use advanced circuitry (faster circuit families). The first issue is probably the most
important, and our estimates are probably on the optimistic side of the real tradeoff picture.

Nevertheless, they seem sufficient for our purposes.
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FIGUE CAPTIONS

Fig. 1. Crossbar memory: (a) crossbar array structure, (b) I-V curve of a single nanodevice
(schematically) and (c, d) equivalent circuits of the array showing (c) read and (d) write
operation for one of the cells (marked A). On panel (c), green arrow shows the useful
readout current, while red arrow shows the parasitic current to the wrong output wire, which
is prevented by the nonlinearity of the /-V curve of device A (if the output voltage is not too
high, Vou < V%).

Fig. 2. Low-level structure of the generic CMOL circuit: (a) schematic side view (cross-section
along the A-A line) and (b) a top view. For clarity, the last panel shows only two adjacent
crosspoint devices which may be addressed via pin pairs {1, 2} and {1, 2’}. The figure
shows that the CMOS system has a unique access to each nanowire (and hence to each
nanodevice) if the nanowire crossbar is rotated relative the interface pin array by a specific
angle o = arctan (1/r) = arcsin (Fpano/ fFcmos) << 1. Here r is an integer, and £ is the distance
between the adjacent pins (leading to the same crossbar level), expressed in terms of the
CMOS pitch 2Fcmos. (For a more detailed discussion of the CMOL topology, see, e.g., Ref.
42.)

Fig. 3. Crossbar memory structure considered in this work: (a) global and (b) block architectures.

Fig. 4. CMOL block of memory cells (for » = 4) and addressing of: (a) an interior and (b) a
border column of nanowire segments. Each picture shows only one (selected) column of the
segments, the crosspoint nanodevices connected to one (selected) segment, and continuous
top-level nanowires connected to these nanodevices. (In reality, the nanowires of both layers
fill all the array plane, with nanodevices at each crosspoint.) The block arrows indicate the

location of CMOS lines activated at addressing the shown nanodevices.
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Fig. 5. Possible structure of the CMOS relay cell. Red and blue points indicate the corresponding
interface pins (cf. Fig. 2).

Fig. 6. The assumed structure of peripheral circuits: (a) cell decoder, and (b) barrel shift decoder.

Fig. 7. Delay (black lines) and area (blue lines) of a bit-parallel decoder for binary BCH codes as
functions of: (a) the number of errors ¢ the code can correct for several values of code length
n, and (b) n for several values of ¢. The delay is measured in delays of a standard CMOS fan-
out-of-four inverter, while the area in the CMOS half-pitch units. For convenience,
horizontal lines show the delay of 1 ns and the area of 1 mm?, for the 22 nm and 45 nm ITRS
technology nodes (solid and dashed lines, respectively).

Fig. 8. The equivalent circuit for the readout operation.

Fig. 9. The total chip area per one useful memory cell, and its components (all in the units of
(Femos)?), as functions of CMOL array size W (at fixed memory size N).

Fig. 10. The normalized memory area overheads due to the redundant memory cells and the
mapping tables. Each absolute overhead A4y is normalized as Ay/(Ax+Auseful), Where Aysefu =
4N(meo)2 is the area of useful memory cells.

Fig. 11. The total chip area per one useful memory cell, as a function of the bad bit fraction ¢, for
several values of the memory access time 7 and two typical values of the Femos/Frano ratio.
(The ratio used for panel (a) is typical for the initial stage of the CMOL technology
development, while that on panel (b) should be reached for its later stage.*”) The horizontal
lines indicate the area for “perfect” CMOS and CMOL memories. In the latter case, this line
shows our results for negligible ¢, while for the former case we use the ITRS data > for the
densest semiconductor (flash) memories.

Fig. 12. Syndrome calculation (Step 1) circuit block diagram.
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Fig. 13. Implementation of Berlekamp-Massey Iterative Algorithm (Step 2).
Fig. 14. Implementation of Step 3: (a) Circuitry for finding error numbers and error correction.

(b) Test circuit block diagram. Note that by using £ test circuits inversion step is not required.
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Table 1. Optimal parameters of CMOL memory for the case Fcemos = 45 nm, Foano = 4.5 nm, ¥ =

90%, N =1 Tb, for several values of the fraction g of bad crosspoint devices

Fraction | Redundant |  Useful . ECC ECC Ecc | Areaper
Granularity, ECC total useful bit
of bad segments | segments g7 u;eful bits. n correctable| latency, t '
bits, g | per block, a |per block, m bits, k ' errors, t (ns) 74
0.00001 136 61063 131072 239 255 2 1.70 0.057
0.00003 1108 60091 131072 239 255 2 1.70 0.058
0.00010 116 61083 131072 231 255 3 2.55 0.059
0.00032 1389 59810 65536 231 255 3 2.55 0.06
0.00100 271 60928 131072 215 255 5 4.27 0.063
0.00316 724 60475 131072 199 255 7 5.77 0.069
0.01000 2433 58766 32768 179 255 10 8.71 0.081
0.03162 9266 51933 8192 57 127 11 9.36 0.156
0.10000 33698 27501 1024 16 63 11 9.19 0.707
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