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ABSTRACT
We have calculated the useful bit density that may be achieved by
the synergy of bad bit exclusion and advanced (BCH) error cor-
recting codes in prospective crossbar nanoelectronic memories, as
a function of the defective memory cell fraction. While our calcu-
lations are based on a particular (“CMOL”) memory matrix topol-
ogy, with an area-distributed nano/CMOS interface and naturally
segmented nanowires, for realistic parameters our results are also
applicable to “global” crossbar memory matrices 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 cur-
rent, initial stage of the nanoelectronics development), may over-
come purely semiconductor memories in useful bit density if the
fraction of bad nanodevices is below ∼ 15%, even under rather
tough (30 ns) restrictions on the total access time. Moreover, as
the technology matures, and the pitch ratio approaches an order
of magnitude, the crosspoint memories may be far superior to the
densest semiconductor memories by providing, e. g., a 1 Tbit/cm 2

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.

1. INTRODUCTION
The performance of many electronic products, including all com-

puting systems and most portable consumer electronic devices, sub-
stantially depends on memory [1–3]. At the same time, conven-
tional semiconductor memories are already approaching their scal-
ing limits [4]. This is why several prospective memories have been
suggested and are actively explored [4]. One of the most promising
candidates is “crossbar” (or “resistive”) memory 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. The device I − V curve (Fig. 1a) has two branches
corresponding to its two possible internal states. 1 (In the equiva-
lent circuits shown in Figs. 1b, c, this bistability is represented by
a switch.) In the low-resistive state presenting binary 1, the nan-
odevice is essentially a diode, so that the application of voltage
Vt < VREAD < V+ to one (say, horizontal) nanowire leading to
the memory cell gives a substantial current injection into the sec-

1Such devices have been demonstrated using several structures, in-
cluding self-assembled molecular monolayers (SAMs) [5, 6], thin
polymer films [7,8], chalcogenide layers [9], and amorphous metal-
oxide films [10]. Their scaling down below ∼10 nm may re-
quire highly ordered structures , e.g. SAMs based on specially
designed molecules [11] implementing single electron latching
switches [12].
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Figure 1: Crossbar memory: (a) I−V curve of a single nanode-
vice (schematically) and (b, c) equivalent circuits of the array
showing (b) read and (c) write operations for one of the cells
(marked A). On panel (b), green arrow shows the useful read-
out current, while red arrow shows the parasitic current to the
wrong output wire, which is minimized by diode-like I − V
curves of the nanodevices.

ond wire (Fig. 1b). This current pulls up voltage Vout which can
now be read out by a sense amplifier. (The diode’s property to have
low current at voltages above −V t prevents parasitic currents which
might be induced in other state-1 cells by the output voltage - see
the red line in Fig. 1b.)

In state 0 (which presents binary zero) the crosspoint current
is very small, giving a nominally negligible contribution to out-
put signals at readout. In order to switch the cell into state 1, the
two nanowires leading to the device are fed by voltages ±V WRITE
(Fig. 1c), with VWRITE < V+ < 2VWRITE. (The left inequal-
ity 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 switch-
ing with threshold V- (Fig. 1a). It is evident from Figs. 1b, c that
the read and write operations may be performed simultaneously
with all cells of one row.



A significant advantage of the crosspoint memories over other
prospective memory technologies is that the two-terminal nanode-
vices with necessary characteristics (Fig. 1a) may have only one
critical dimension. This dimension may be defined by the thickness
of deposited film(s) and as a result may be scaled down, sustaining
very high precision, well below 10 nm without an unacceptable in-
crease of fabrication costs.

The second important advantage of crosspoint memories is their
small cell footprint (2Fnano)

2, where Fnano is the nanowire half-
pitch. This fact is especially significant because arrays of paral-
lel nanowires may be fabricated by several advanced patterning
technologies (such as nanoimprint [13] or interference lithogra-
phy [14]) which may combine acceptable fabrication speed with
very small Fnano. Indeed, nanoimprint technology has already al-
lowed a crossbar memory prototype with Fnano = 30 nm [6] and
nanowire crossbars with Fnano = 17 nm [15] to be experimentally
demonstrated, and there are good prospects for the half-pitch re-
duction to 3 nm or so within the next decade.

However, the crosspoint memories come with their own chal-
lenges. First of all, the high-resolution patterning technologies
mentioned above do not offer, or even promise, an equally accu-
rate layer alignment (“overlay”). This is why interfacing nanowire
crossbars to peripheral CMOS circuits (fabricated using cruder pat-
terning technologies with half-pitch FCMOS � Fnano) presents a
challenge. Several initial suggestions for forming such interfaces at
the crossbar array periphery do not seem very practicable [11]. Re-
cently, we suggested [11,16] 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.

Secondly, it is natural to expect that at the initial stage of devel-
opment of crosspoint nanodevices, their fabrication yield will be
considerably below 100%, and possibly will never approach this
limit closer than a few percent. This is why the crosspoint 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 the use of
error correcting codes (ECC) [2]. For higher defect rates, the best
results can be achieved by a synergy of these two techniques [17].

Earlier we investigated the density vs. defect tolerance tradeoff
in crosspoint memories, provided by such synergy, using very light
(Hamming) codes [18]. The results were not too optimistic: with a
reasonably fast “Repair Most” algorithm of bad line replacement,
an order-of-magnitude advantage over the best possible semicon-
ductor memories might be only achieved for the fraction of bad
memory cells not exceeding ∼ 0.1%, thus imposing very tough
requirements on the nanodevice fabrication technology.

DeHon et al. [19] have indicated that much better defect toler-
ance (up to 10%) may be achieved using more advanced ECC, e.
g., the Reed-Solomon codes. Unfortunately, the contributions of
the circuits implementing these codes to the memory access time
(which for some codes may be extremely large) and the memory
area have not been estimated in that work.

In this work we present a detailed analysis of possible trade-
off between density, defect tolerance, and speed performance of
crosspoint 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 [20, 21] with optimized parameters.
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Figure 2: Top view of the low-level structure of the generic
CMOL circuit. For clarity, the panel shows (by green points)
only two adjacent crosspoint devices which may be addressed
via pin pairs {1, 2} and {1, 2’}. Red and blue points are in-
terface pins connecting the underlying CMOS circuit to, re-
spectively, the bottom and top nanowires of the crossbar. Note
that the insulating shells of the “blue” pins naturally interrupt
the bottom-layer nanowires, breaking them into segments. The
crossbar is rotated relative the interface pin array by a specific
angle α = arctan(1/r) = arcsin(Fnano/βFCMOS) � 1. Here
r is the main integer parameter of the geometry (here equal to
4), while β is the distance between the adjacent interface 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. 11.)

2. ARCHITECTURE AND OPERATION
Our top structure of CMOL memory is similar to that of the con-

ventional memories [18]. Essentially, it is a rectangular array of L
crosspoint memory banks (“blocks”), so that during a single opera-
tion, a particular row of CMOL blocks is accessed with the help of
block address decoders. In contrast, the block architecture (Fig. 3)
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. 3).
At each elementary operation, one pair of block decoders (shown
in magenta in Fig. 3, as well as in Fig. 4 below) addresses one
vertical and one horizontal CMOS line, and thus selects a certain
relay cell at their crosspoint. This cell (Fig. 4) applies the data
signal to a “red” interface pin contacting a bottom-layer nanowire.
The other pair of decoders (shown in violet in Fig. 3 and 4) se-
lects 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. 3, i.e. CMOS-based map-
ping table and address control circuits, are needed to convert the
logical (external) addresses, which are fed to the CMOL blocks,
into internal addresses of memory cells inside the block. In par-
ticular, the mapping table converts the logical address of the seg-
ment (which is the same for all selected blocks) into a pair of
block-specific physical addresses, A col1 and Arow1, and CMOS-
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Figure 3: CMOL block architecture: Addressing of an interior column of nanowire segments (for r = 4). The figure 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.

implemented decoders activate the corresponding CMOS-level lines.
The central part of Fig. 3 shows the low-level structure of the

CMOL memory, for a particular (unrealistically small) values of the
block size and the main topological parameter of CMOL, r = 4.
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. 2) shows that each nanowire segment
stretches over r CMOS cells and contacts r 2 (in Fig. 3, sixteen)
crosspoint nanodevices.

Signals Acol1 and Arow1 are applied to CMOS wires, feeding the
“red” lines of the corresponding CMOS-implemented relay cells
(Fig. 4). By opening all pass transistors of the row, Arow1 selects
a specific “red” pin of column A col1, so that the data Acol1 are fed
only to a specific nanowire segment contacting r 2 crosspoint nan-
odevices. In parallel, addresses A col1 and Arow1 are sent to the
CMOS-based address control circuitry to generate another pair of
physical addresses A row2 and Acol2. Signal Arow2 opens the “blue”-
pin pass transistors in relay cells of a row, and thus connects each of
r2 quasi-horizontal nanowires of the top layer to a specific CMOS
lines (shown purple), thus enabling a read or write operation.

In general, not all memory cells can be read from the memory
array. We found that a very reasonable utilization of memory cells
is achieved by addressing simultaneously two lines [21]:

Arow2a = Arow1 + r/2,

Arow2b = Arow1 − r/2.
(1)

The loss of memory cells in such addressing scheme (Fig. 3) is just
Wr3 memory cells per block, and the associated area penalty is
negligible in most cases. (For the case shown in Fig. 3, the lost cells
are located in two rectangular W × r/2 areas on the top and at the
bottom of the array.) Note that of W output CMOS lines (purple
arrows on the bottom of each panel of Fig. 3), at each operation
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Figure 4: Possible structure of the CMOS relay cell. Red and
blue points indicate the corresponding interface pins.

only r2 lines are connected to nanodevicesof the selected fragment.
The selection of these useful lines (or a part of them, see Sec. 3
below) and their connection to the system output are provided by
the data decoder controlled by signal A col2 (Fig. 3). The necessary
circuit is rather simple (essentially, a barrel shifter) and may be
readily implemented in the CMOS subsystem.

3. DEFECT TOLERANCE CALCULATION
We have calculated the tolerance of our memories to “hard” (fabri-

cation-induced) defects, using the following assumptions:
(i) defective nanodevice cells are randomly distributed, with prob-

ability q, around the memory (clustered defects, though more real-
istic, are easier to tolerate, e.g., via reconfiguration);

(ii) the effect of defective interface pins, nanowires, and CMOS
components is negligibly small [21]; and



(iii) the defects correspond to permanently disconnected cross-
points (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 [18,19,22–25]. (In future,
it is certainly desirable to extend the analysis to “stuck-on-close”
defects [21].)

In the synergetic approach of combining the memory array re-
configuration with ECC [17], memory cells are divided into frag-
ments 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 ad-
dresses of good fragments are written into the mapping table, see
Fig. 3). If the fraction q of bad bits is large, the large granularity
of exclusion is impracticable, due to the exponential growth of the
number of necessary redundant resources. (This was one of the rea-
sons of the relatively poor defect tolerance achieved in our previous
work [18], where only global nanowires might be excluded.) On
the other hand, fine granularity requires an unacceptably large map-
ping 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 that the data fragment length,
equal to g nanowire segments (i. e. gr2 memory cells) may be ei-
ther smaller or larger than the one segment (which has r 2 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 gr2 and adds the result to Acol2. 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.
(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. 5.) This requires the address mapping table to be
shared between g neighboring blocks.

For a binary ECC with length n and the information length k,
which can fix up to t errors in any of the n bits, the probability P f
to fix a fragment is

Pf =

[
t∑

i=0

(
n

i

)
qi(1− q)n−i

]gr2/n

. (2)

Here n is assumed to divide gr2 exactly. (If this is not so, the bits
in the reminder cannot be used and are wasted.) If each block has
a spare and m useful fragments (with the sum m + a = W 2), the
probability Psb for a “superblock” (consisting of g adjacent blocks
which share data fragments) to be fully functional can be calculated
as

Psb =

a∑
i=0

(
m + a

i

)
(1− Pf)

iP m+a−i
f , (3)

and the yield Y of the total memory is

Y = P
L/g

sb . (4)

In order to characterize the defect tolerance, we fix Y at a cer-
tain level (usually, 90%), and numerically optimize the granularity
(fragment length g) and ECC parameters n and k to calculate the
maximum manageable fraction q of bad memory cells. Since for
realistic parameters (in particular, W2 � 1), Pf drops from nearly
one to zero extremely fast at a certain value q � 1, the block size
(and hence the number L of blocks at a fixed total memory size)
and Y virtually do not affect these results.
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Figure 5: Delay (black lines) and area (blue lines) of a bit-
parallel decoder for binary BCH codes as functions of the num-
ber of errors t the code can correct for several values of code
length n. 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 mm2, for the 22 nm and 45 nm ITRS technol-
ogy nodes (solid and dashed lines, respectively).

4. AREA CALCULATION
Since for realistic block dimensions the area of block decoders

is negligible [18], the total memory area may be calculated as

A = L × Ablock = L × (Aarray + Acell decoder + Adrive/sense

+g−1Acontrol + g−1Amapping table),
(5)

while useful capacity of the memory is

N =
L

g
mk

⌊
gr2

n

⌋
, (6)

where m is the number of good data fragments per block. The ratio
k/n < 1 reflects the area loss due to the ECC.

The area of a CMOL array of W × W relay cells is simply

Aarray = W 2 × (2βFCMOS)2, (7)

where β ≥ 1.6, since the minimum area of the CMOS cell housing
two minimum-width pass transistors (Fig. 4) may be estimated as
10(FCMOS)2 [18].

Our decoders are essentially the pass-gate-based multiplexers,
with all CMOS transistors of minimum width [18, 21]. We assume
that one pass gate, consisting of one nMOS and one pMOS transis-
tors, can be placed in the area of 4FCMOS × 2βFCMOS, i.e. match-
ing the CMOS pitch of the memory array. In this case the height
of the 2W -input decoder is simply 2log2W × 2FCMOS. Similarly,
we have assumed that the height of the r 2-out-of-W barrel shifter
implementation is equal to (2log2W + r2) × 2FCMOS.

Considering a 6-transistor latch-style implementation of sense
amplifiers [3] with Asense = 100 × (FCMOS)2, and 2-transistor
drive buffers (inverters) with Adrive = 25×(FCMOS)2, the increase
in the linear size of the crossbar array in the horizontal direction,
due to decoders, is

∆w1 = (12log2W + 2Adrive/2βFCMOS) × FCMOS. (8)

Similarly, the array increase in the vertical dimension due to one
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Figure 6: The equivalent circuit for the readout operation.

decoder and one barrel shifter is

∆w2 = (8log2W +2r2+(2Adrive+Asense)/2βFCMOS)×FCMOS.
(9)

The control circuitry consists of two adders of length log2W
(bits). Since it is relatively short, we assume the ripple carry im-
plementation with the area of a 1-bit full adder equal to 2000 ×
(FCMOS)2 [21], so that

Acontrol = 4000log2W × (FCMOS)2. (10)

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. (5) may be calculated as

Aarray + Acell decoder + Adrive/sense + g−1Acontrol =

(W × 2βFCMOS + ∆w1)(W × 2βFCMOS + ∆w2)

+max(0, g−1Acontrol − ∆w1∆w2).

(11)

The area of mapping table implemented in CMOS is assumed to be

Amapping table = 2mlog2W × (2FCMOS)2. (12)

Earlier, we have studied the area and delay tradeoffs of fast bit-
parallel decoding for a popular class of multiple error-correcting
linear codes - BCH codes [21]. (For example, the Reed-Solomon
codes [20], which are a subclass of the BCH family, are broadly
used in today’s flash memories and storage devices [2].) While
BCH ECC may not be the absolutely best option for our particular
problem, they are among the most efficient short codes (with n ≤
512), and certainly much more powerful than the Hamming codes
assumed in Ref. 18. The area, in the (FCMOS)2 units, of fast bit-
parallel decoder for BCH codes may be estimated as [21]:

ABCH ≈ 125nt(log2n)2 + 40n(log2n)2 + 250ntlog2n

+190nlog2n + 1200t(log2n)2 + 300t2log2n.
(13)

Figure 5 shows several examples of application of this formula.
The results indicate that the decoder area (even for this completely
parallel, i. e., most spacious, implementation) is negligible in com-
parison with that of memory arrays, so that it will not be considered
in the optimization procedure described below.

5. SPEED AND POWER
The BCH ECC decoder delay has been also calculated in Ref.

21. In the units of the standard CMOS fan-out-of-four delay, it
may be expressed as

τBCH ≈ 0.7tlog2n + 0.7t + 8tlog2log2n + 3.6tlog2t

+2.5log2log2n + 1.8log2t + 1.8.
(14)

Figure 5 shows several results obtained using this formula. We
will now show that the delays of read and write operations in the

crossbar arrays with metallic nanowires are much shorter than that
of ECC decoding, expressed by Eq. (14). 2

The resistance of metallic nanowires may be calculated [25] as
that of conductors with cross-section Fnano × Fnano and resistivity
ρ adjusted to diffusive surface scattering of electrons:

ρ ≈ ρ0 × (1 + λ/Fnano), (15)

where ρ0 is the table (bulk) resistivity of a pure metal. We have
assumed values ρ0 = 2 µΩ-cm and λ = 10 nm which are typical
for good metals at room temperature. The capacitance of nanowires
per unit length for the considered range of Fnano is about 0.2 fF/µm
[25].

We have assumed that each crosspoint programmable diode is
implemented as a parallel connection of D single-electron latch-
ing switches [12, 26], so that the resistance of the single crosspoint
nanodevice is RON/D and ROFF/D in the ON and OFF states, cor-
respondingly. Based on the experimental data for self-assembled
monolayers (see, e.g., Ref. 27), the footprint of a single molecule
may be estimated as 0.25 nm2; so for D we have used the following
value:

D ≈ (Fnano)
2/(0.25 nm2). (16)

Resistances RON and ROFF are related by the equation for the
second-order quantum effect, elastic co-tunneling [28]:

ROFF/RON = RON/RQ, (17)

where RQ ≡ �/e2 ≈ 4.1 kΩ is the quantum unit of resistance.
The necessary condition for a reliable read operation is that the

voltage swing between worst cases of reading state “1” and state
“0” on the input of the sense amplifier is approximately 10 times
larger3 than the r.m.s. voltage fluctuations ∆VN due to the noise.
The voltage swing can be found from the equivalent circuit shown
in Fig. 6. Here we have assumed that all unselected nanowire seg-
ments are pulled to the ground through resistance (R wireROFF/D)1/2

which is the input resistance of a semi-infinite ladder formed by the
wire resistances Rwire of the length 2Fnano and crosspoint nanode-
vices in OFF state ROFF/D. Note that the pulldown resistance
Rpd shown in Fig. 4 may be neglected here since it is much less
than ROFF/D. Also, in the equivalent circuit we neglect the resis-
tance of bottom layer nanowires, which is at most 1/2r2Rwire, i.
e. much smaller than the worst-case resistance r 3Rwire 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 � r3Rwire, (18)

Rsense � r3Rwire, (19)

Rsense � (RwireROFF/D)1/2. (20)

In this case, all the formulas describing the equivalent circuit may
be significantly simplified. In particular, the voltage swing is sim-
ply

Vswing ≈ Rsense/(r
3Rwire) × VREAD. (21)

In general, the equivalent circuit shown in Fig. 6 allows one to
calculate the total noise ∆VN contributed by the shot noise on the
2Other delays on the critical path, e.g., moving data in and out of
the blocks, are also negligible [21].
3The factor 10 results from the assumed Gaussian distribution of
noise and the requirement of keeping the bit error rate below 10−23.
This is sufficient, e. g., to provide a 108-hour mean time to failure
at the (very aggressive) aggregate memory bandwidth of 1 Tbit/s.



nanodevices in their ON and OFF states, and the thermal (Johnson-
Nyquist) noise on the nanowires and R sense. However, the inequal-
ities (18)-(20) ensure that ∆VN is dominated by the thermal noise
of Rsense, so that

∆VN ≈ [kBT/(2Cwire + CCMOS)]1/2, (22)

where Cwire is the capacitance of the global quasi-horizontal nano-
wire, of length Wr × 2Fnano, while CCMOS is a capacitance of
the CMOS data line of the same length (see the violet data lines
in Fig. 3). The typical value of CCMOS for the considered CMOS
technology nodes is about 0.1 fF/µm. The doubling of C wire in
Eq. (22) is due to the fact that two CMOS select lines have to
be activated for a read operation (Fig. 3) and therefore two quasi
horizontal nanowire lines will be charged.

The full block latency may be estimated as

τblock ≈ Rsense(2Cwire + CCMOS). (23)

Now let us consider a particular, but typical case W = 256,
FCMOS = 45 nm and Fnano = 4.5 nm (and hence r = 16). In
this case the nanowire resistance Rwire turns out to be about 14
Ω, r3Rwire ≈ 57 KΩ, while Cwire = 7.4 fF. By using nanode-
vices with RON = 400 KΩ ∼= 102RQ, and therefore ROFF

∼=
40 GΩ, the resistances of the crosspoint devices are, respectively,
RON/D ≈ 5 KΩ, and ROFF/D ≈ 0.5 GΩ, since for the consid-
ered value of Fnano the packing factor D is about 80. Using typ-
ical CMOS value VREAD = 1 V [4], the smallest possible Rsense
may be found from Eqs. (21) and (22) to equal 3 KΩ, i.e. a level
much lower than the parallel resistance of the semi-infinite ladder
(RwireROFF/D)1/2 ≈ 85 KΩ. It is easy to check that all condi-
tions (18)-(20) are satisfied, so that our approximate formulas are
indeed valid. The corresponding block 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 F CMOS = 22 nm and Fnano = 2.2
nm the block delay, which is linearly proportional to the Rwire, is
only 400 ps.) Due to this fact, our results are rather insensitive to
the hardware assumptions made above.

The assumptions and formulas given above allow also a calcu-
lation of power consumption in all components of the memory.
Such calculations show that the power consumption is well below
the ITRS-specified limits [4]. Indeed, the consumption is domi-
nated by the static power dissipated in nanowires connected to the
nanodevices in ON state. Since there might be at most r 2 such
nanowires (with the average resistance 1/2r 3Rwire) in a block, the
corresponding power for the whole memory can be estimated as√

L × 2(VREAD)2/(rRwire), giving the power density well below
1 W/cm2 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 VREAD, since the resulting in-
crease of the block latency would not affect the total memory access
time significantly.

6. OPTIMIZATION
Requiring that the total yield Y described by Eq. (4) is fixed at a

certain level, we first investigate how the normalized memory area
per useful bit, defined as [18]

a =
A

N(FCMOS)2
, (24)

depends on the block size W . Figure 7 shows the results of this
calculation for fixed granularity and ECC code parameters. Not
surprisingly, the exponential explosion of redundancy at W → ∞,
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pertinent to the global crossbar memory architecture [18], disap-
pears in our current approach, since the granularity of exclusion
does not depend on the block size.

Concerning other contributions to A, for large arrays (in the case
shown in Fig. 7, for W > 100), the most important contributor is
the mapping table whose area grows logarithmically with W - see
Eq. (12). This overhead can be reduced dramatically by choosing
appropriate granularity parameter g - see below. The next most
important overhead is that of the cell address decoders, which does
not allow the reduction of W below ∼ 27. Because of that, in our
calculations we have used the fixed value W = 2 8 = 256. This is
very convenient for the most interesting case F CMOS/Fnano = 10,
because in this case W = r 2 = 256, and there is no need in the
barrel shifter (Fig. 3). 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 8 shows



this overhead in comparison with that due to the redundant cells, as
a function of data fragment size (granularity). As Eq. (12) shows,
when the granularity is increased, the mapping table shrinks (be-
cause the memory has fewer fragments). On the other hand, the re-
dundancy 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.

7. RESULTS AND DISCUSSION
Figure 9 presents typical final results4 of our optimization pro-

cedure, 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
(gr2 , 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 τ = 10 ns and
FCMOS/Fnano = 10. One can see that as the fraction q of bad
memory cells is increased, the granularity gr2 has to be decreased
in order to sustain acceptable probability of ECC-correctable data
fragments. (Only for very high q the fragment length gr2 becomes
less than the nanowire segment size r 2, i.e. the fragment may be
stored in a single block.) As a result, optimal error correcting codes
become shorter, i.e. n and k decrease.

Returning to Fig. 9a, it shows that even at the initial stage of
the CMOL technology development (when the ratio F CMOS/Fnano
is 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 be-
come denser than CMOS-based memories at the fraction of bad
devices as high as ∼ 15%, and at the (quite realistic) value q = 5%
provide a nearly five-fold density edge (a a ∼= 1.2 instead of 6).
For Fnano = 15 nm this would mean useful a density of ∼ 30
Gbits/cm2, i.e. the level which CMOS technology may be able to
reach in the very end of scaling [4], if ever.

Moreover, as the CMOL technology matures, the FCMOS/Fnano
ratio may approach an order of magnitude (say, F CMOS = 32
nm, Fnano = 3 nm), and the crossbar memory superiority may be
quite spectacular. Indeed, as Fig. 9b shows, for the defect fraction
q = 2% (which looks quite plausible), the cell area factor a may
become as low as 0.1, implying the dimensional density as high as
1 Tbit/cm2, far beyond the most optimistic projections for CMOS
technology [4].

The analysis carried out above has been based on the fundamen-
tal physical limitations for the crosspoint nanodevice parameters,
in particular, RON. For the currently implemented devices, the pic-
ture is somewhat different. For example, for the simple and re-
producible CuOx devices [10], scaled down to F nano = 3 nm, the
effective value of RON/D would be ∼ 2 MΩ, resulting in intra-
block latency of about 50 ns. This means that our results (Fig.
9) would degrade only slightly. On the other hand, for the demon-
strated molecular monolayers, typical RON/D of a similarly scaled
crosspoint device would be in the GΩ range, so that the memory
speed would be much lower. Nevertheless, a considerable progress
of the development of better molecular devices during the next few
years may be readily anticipated.

4Though formally the results depend on the total memory size N
and yield Y , they are rather insensitive to these parameters in the
range of our interest (N ≈ 1012 bits, Y ≈ 90%). As Fig. 9 shows,
the required memory access time τ also has a marginal effect on
density, provided that τ is not too small.
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Figure 9: The total chip area per one useful memory cell, as a
function of the bad bit fraction q, for several values of the mem-
ory access time and two typical values of the F CMOS/Fnano ra-
tio. The horizontal lines indicate the area for “perfect” CMOS
and CMOL memories. In the latter case, this line shows our re-
sults for negligible q, while for the former case we use the ITRS
data [4] for the densest semiconductor (flash) memories.

Finally, let us repeat that though our calculations have been car-
ried out for CMOL memories with their segmented nanowire struc-
ture (Fig. 3), 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 crosspoint memories with
global blocks and peripheral nano/CMOS interfaces, though they
seem much harder for the practical implementation than the area-
distributed CMOL interface.
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Fraction 
of bad 
bits, q

Redundant 
segments 

per block, a

Useful
segments 

per block, m

Granularity,
gr2

ECC
useful
bits, k

ECC total 
bits, n

ECC
correctable 

errors, t

ECC
latency,

(ns) 

Area per 
useful bit,

a
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

Table 1: Optimal parameters of CMOL memory for the case F CMOS = 45 nm, Fnano = 4.5 nm, Y = 90%, N = 1 Tb, for several
values of the fraction q of bad crosspoint devices.
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