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S1 3D-Stacking

A test of multilayer stacking to demonstrate the feasibility of 3D integration is shown

in figure S1.1.

, 1000 nm

400 nm

Fig. S1.1
a) Focused lon Beam (FIB) cut of a multilayer crossbar array. The orthogonally

arranged metal layers (1. to 4.) are visible .

b) SEM image of a FIB cut into a multilayer crossbar array. In this cross section

view the vertical structure is shown 2.
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S2 Initialization process

Data from an initialization process is shown in the following figure S2.1. A differently
processed sample has been used for S2.1 than for figure 2g. The resulting HRS to
LRS ratio is similar in both cases, but altogether larger R values are obtained here
(see figure S2.1). It should be mentioned that under standard fabrication conditions in

the semiconductor industries variations of the virgin resistance of less than 10% are

achieved.
Fig. S2.1
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Both memristive elements are initially in the HRS exhibiting a resistance of around
100 MQ, thus the CRS is in the HRS/HRS (OFF) state. This state only exists after
fabrication and plays no role during normal operation. To store information in this
CRS, a voltage is applied. Due to the fact that both memristive elements form a
voltage divider, the required voltage is at least 2Vy, 1 or 2V, 3 depending on polarity
and resistance variations after fabrication. At a voltage of around 550 mV, one of the
memristive elements switches to the LRS, visible as a distinctive decrease of the
resistance in figure S2.1. The other memristive element remains in the HRS due to
the voltage polarity. However, a decreasing resistance of this element is notable,
which is due to the voltage dependency of the HRS (see Ref. 27). Nevertheless, this
element functions as a current compliance for the successfully switched memristive
element. When finishing the initialization process at a voltage of 2V, a resistance

ratio between both elements of 27 is achieved in this case.

Thus, information was stored in the as-fabricated CRS proving the successful
transition from the HRS/HRS state to the LRS/HRS state.
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S3 Spike read scheme

From figure 3b one can see that current spikes occur, if the CRS changes its state.
Those spikes can be used for the read procedure, if enough charge is generated to
be detected by CMOS sense amplifiers. The detection limit of the sense amplifier

directly influences the amount of charge needed to generate a sufficient voltage drop.
For a CRS based RAM AV=Qsike / CaL holds. (Qspike is the charge of a current spike,
CsL the bitline capacity and AV the read voltage margin.)
The minimum spike charge needed for a CMOS sense amplifier is:

Qspike,min = AVmin * CaL
The minimum spike charge is derived under the assumption of a feature size of

F =10 nm, AV =50 mV with Cg_ calculated according to a scaling model > *:

F 0.7
CBL (F) = CBL (50 nm)(50 nm}

CBL (50 nm) =20 fF

CaL (F =10 nm) = Cg (50 nm)(m ”mjoj - 20 ﬂ:(10 “mjoj _ 6,48 fF
50 nm 50 nm
The minimum spike charge is then:
Qspike,min = AVimin * CaL = 50 mV + 6.48 fF = 3.24+10° C = 2000 electrons
Assuming LRS =1 kQ and V=1V we can calculate the current in the ‘ON’-state of

the CRS:

V' _ 1V _ 500 uA with Ron = 2 LRS = 2 kQ

[ = —
N Ron  2KkQ
The minimum needed switching time f,n min to @assure a proper read is:

t L Qspike,min _ 2000 e
on,min ION 00 MA

=0,64 ps
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If the switching time of the CRS is larger than 0.64 ps, a proper read-out will be

possible.
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S4 Symmetrization by an additional series resistor

I-V-characteristics of resistive switching elements often have an asymmetry in terms
of switching voltage (|Vinset| > |Vinreset|). Such an asymmetric /-V-characteristic can
be balanced by integration of a series resistor.

In  general, [Vieadmin| = [Vin1l = [Vinsl = [Vinser] and  |Vieadmax| = [Vinz2| = [Vinal
= |Vinset| + |Vinreset| hold for a symmetric CRS and a proper read voltage must be in

the range of |Vieadmin|l < |Vread| < |Vreadmax| (S€e figure 2 and 3). For an asymmetric

14
CRS with ‘Kh,agsmk@ the CRS will not switch to a stable ‘ON’ state because

| Viead| = |Vreadmin| is already large enough to switch the CRS to state ‘0O’ or state ‘1,
respectively. With an additional series resistor (figure S4.1) this problem can be

solved. The voltage drop over memristive element A is then:

_ RLRS
al= 2R, . +R

read

series
For |Viead| = |Vieadmax|, the voltage over memristive element A should be

|Va| < | VinreseT:

R

LRS

‘Vch,RESET‘ 2 YR +R (‘Vth,RESET‘ +‘I/th,SET‘)
LRS

series

It follows:

Vs |
R.. >R —1 1
series LRS |: Vth,RESET‘ ( )

With equation (1) the series resistor can be dimensioned properly to symmetrise an

asymmetric /-V-characteristic of a CRS.
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For |Vinser| =1V and |Vinreser| = 0.5V (figure S4.2a) e.g. a series resistor with
Rseries = Rirs should be inserted, which would result in |Vih41]| =|Vins| =1V and

|Vth,2| = |Vth,4| =15V (figure S42b)

CRS Fig S4.1

:—:'i R Equivalent circuit for a
VA+ ALl fors
L R CRS with series resistor.
| =
I/read Bl 1 LRS
(™ -
Rseries
a b
20 06
1.5 0.44
< 104 = 02
£ 3
§ 05 € 00
E [
=1 =
O o0 3 02l
-0.54 \/ -0.44
1.0 T T T T T T T -0.6
20 -15 -1.0 -05 00 05 10 15 20 "20 45 10 05 00 05 10 15 20
Voltage [V] Voltage [V]
Fig. S4.2

a) asymmetric I-V-characteristic of a single memristive element with
|Vinser| =1 V and |Vin reser| = 0.5 V.
b) I-V-characteristic of a CRS built of two memristive elements with a

characteristic from a) and a series resistor Rseries = RLRs-
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S5 Comparison of a single memristive elements based array and a CRS based
array

Assume two crossbar arrays (see figure S5.1), which both store the same digital
information (worst case pattern), one made of memristive elements (case 1) and one
made of CRS (case 2). When reading a word (one row) the measurable normalized

read voltage margin AV / V,, is the important parameter.

| column decoder | Flg 851
I % R )
= U= = f-
% _— crossbar array and
:| 1I__7 L
T |3
r-y [=]
z i
________ / JTI,:L g periphery
4 /\/) _(/ [ TII;_i
AN AN Vg

We consider a read scheme® where all bit lines are pulled up. The pull up resistor is
set to Ryu1 = Rirs for a crossbar with single memristive elements and to Rpu2 = Ron
for a crossbar with CRS. The equivalent circuit of the crossbar can be seen in figure
S5.2a and S5.2b, respectively.

Case 1:

The sneak resistances Rsneak a @nd Rsneak b fOr case 1 (star-mesh transformation):

RLRS + RLRS . RLRS + Rpu,l . RLRS + RLRS + RLRS _Rpu,l
» M-1 (N-1)(M-1)) N-1 N-1 N-1 \M-1 (N-1)(M-1)) N-1

sneak_a,l =
Rpu,l

N -1
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RLRS + RLRS _RLRS + Rpu,l _RLRS + RLRS + RLRS X Rpu,l
X M-1 (N-1)(M-1)) N-1 N-1 N-1 (M-1 (N-1)(M-1)

sneak_b,1 =

RLRS

N-1

The effective sensable resistance value for both digital values:

R _ Rsnea.kia,l : RHRS
HRS,sense
Rsneakfa,l + RHRS
R _ Rsnea.kia,l ' RLRS
LRS,sense R
sneak_a,l + LRS
Furthermore:
R _ Rsneak_b,l ’ Rpu,l
pueff,l —
Rsnea.kfb,l + Rpu,l

The resulting measurable normalized read voltage margin:

A V RHRS,sense _ RLRS,sense

V RHRS,sense + Rpu,eff,l RLRS,sense + Rpu,eff,l

Case 2:

The sneak resistances Rsneak a and Rsneak b for case 2 (star-mesh transformation):

(RstatBOOrl + Rstate700r1 J RON + Rpu,2 RON +(Rsta1600rl + Rstate700r1 J Rpu,Z

M-1 (N-1)(M-1)) N-1 N-1 N-1 | M-1 (N-1)(M-1)) N-1
Rsneakfa,ZZ R 5
pu,
N-1

RstatefOorl + RstatefOorl X RON + Rpu,Z X RON + Rstatei()orl + RstatefOorl X Rpu,2

M-1 (N-1)(M-1)) N-1 N-1 N-1 | M-1 (N-1)(M-1)) N-1
Rsneakfb,2 = RON
N-1
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The effective sensable resistance values for both digital values:

R _ Rsneakfa,Z ’ Rstate70
state_0,sense R
sneak_a,2 + state_0
R _ Rsneakfa,Z : RON
ON,sense

Rsneakia,Z + RON

Furthermore:

R

sneak_b,2 :
sneak_b,2 + Rpu,Z

Rpu,2

R =
u,eff,2
P R

The resulting measurable normalized read voltage margin:

A V Rstatefo,sense RON,sense

V RstatefO,sense + Rpu,eff,Z RON,sense + Rpu,eff,Z

Values for the plots in figure 4:
Rstate_00r1 = Rstate_o = Rstate_1 = RuyRrs = 1'108 Q
Rirs = Rou1 = 1410° Q

Ron = 2Rigrs = Rpu2 = 2¢10° Q

R

state_Oor

(N=1)(a 1)

Fig. S5.2
Equivalent circuit for single memristive crossbar array (a) and CRS based

crossbars (b).
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In our calculations we assumed the line resistance Ry to be small compared to
Rirs. This is true if the R rs is sufficient large and Ry sufficient small. In the
following examples we calculate the line resistance for various feature sizes. We
incorporate the size effect of the wire by application of the Fuchs-Sondheimer

approximation® to include a rough estimation of the size effect:

34,

Peu(F) = Peuo (1"'27(1_?)}

F is the feature size, pcuo is bulk resistivity of copper (pcuo = 2.2 chm)7, po is the
bulk mean free path (po = 35 nm)’ and p is the specularity (p = 0.5)2.

The worst case line resistance for an element in the middle of an array and an

assumed aspect ratio of the interconnect line of 10 is:

Ruine = peu(F) % = peu(F) 22 = peu ()
The results are summarized in the table:
Feature size F | pcu(F) N =10° N =10* N=10°
200 nm 2.3 pQcm 230 230 Q 2.3 kQ
100 nm 2.5 pQcm 50 Q 500 Q 5.0 kQ
50 nm 2.8 yQcm 110 Q 1.1 kQ 11 kQ
22 nm 3.5 uQcm 210 Q 2.1 kQ 21 kQ

If we assume Rirs = 30 kQ and allow 10% of Rirs for Riine, that is 3 kQ, the green
shaded fields depict possible array size and feature size.

There is a trade-off between sufficient high R rs and retention time of bipolar
resistive switching materials. However, the suitable operation window is large enough

as shown for example in °.
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