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ABSTRACT 

Filamentary valence change mechanism (VCM)-type memristive devices based on transition metal oxides offer great potential for 
the realization of energy-efficient analog hardware accelerators used in machine learning and neuromorphic computing. To fully 
exploit this potential, integration of nanostructured memristive devices with complementary metal oxide semiconductor (CMOS) 
circuits and multi-level programming are essential prerequisites. In crossbar arrays for in-memory computing, a transistor in series 
with the VCM device acts as a selector and limits the current in the SET process, which allows programming of different low- 
resistance states (LRS). However, a discrepancy between the programmed LRS value and the measured conductivity value, GLRS , 
is often observed, even for VCM devices with linear current–voltage characteristics. In this study, we analyze the physical origin 
of this effect. Therefore, 100 nm × 100 nm-sized HfO2 -based VCM devices were integrated on foundry-built 180 nm CMOS wafers. 
Through transient analysis of the device response during the SET, we show that the conductivity of the VCM cell continuously 
increases for the duration of the SET pulse. This finding could be understood from physical simulation through thermally assisted 
ion migration in the filament region. This insight can support the development of devices with improved accuracy under multi- 
state programming. 
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 Introduction 

edox-based resistive random-access memories (ReRAM) and,
n particular, filamentary switching valence change mecha-
ism (VCM)-type memristive devices based on transition metal
xides such as HfO2 and TaOx have recently received increas-
ng attention for their potential application in energy-efficient
ccelerators used in neuromorphic computing, image process-
his is an open access article under the terms of the Creative Commons Attribution Licen
riginal work is properly cited. 
2026 The Author(s). Advanced Electronic Materials published by Wiley-VCH GmbH 
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ing, and sensing applications [ 1–6 ]. Filamentary VCM devices
show fast switching [ 7, 8 ], high energy efficiency, and high
potential for nanometer-size scaling [ 9, 10 ], and they can be
integrated into the back-end-of-line (BEOL) of complemen-
tary metal oxide semiconductor (CMOS) circuits [ 11, 12 ]. After
the formation of a conductive filament, the switching behav-
ior of VCM devices is characterized by electric field-induced
migration and transfer of oxygen vacancies that is strongly
se, which permits use, distribution and reproduction in any medium, provided the 
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FIGURE 1 (a) Layout overview of the chip, manufactured in 180 nm CMOS with an edge length of approx. 8 mm × 8 mm. The overlay shows the 
structure in the chip with three different track types (1T1R in blue, 1R in green, CMOS in orange) and four array structures. (b) Diagram of a nanocrossbar 
ReRAM device integrated in the back end with a front end foundry transistor, where the active electrode, i.e., the bottom electrode (BE), is connected 
to the transistor source contact. (c) Scanning electron microscope image of a 100 nm × 100 nm ReRAM device integrated on the CMOS chip. The BE 
and TE electrodes are connected to the transistor and a measurement pad, respectively. (d) ReRAM stack in the crossbar junction, consisting of 25 nm 

Pt BE/3 nm HfO2 /3 nm TiOx /10 nm Ti/20 nm Pt TE. The HfO2 layer as the switching layer is characterized by its conductive filament, which is defined 
by the conductive plug, Gplug , and the disc area, Gdisc . The voltage drop across the ReRAM is defined as ( VSL - Vx ) according to Figure 2a . 
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ccelerated by Joule heating in the regime of the filament tip
 13, 14 ]. 

eRAM devices arranged in arrays can perform computing
asks that are essential for machine learning and neuromorphic
omputing, such as vector-matrix multiplications very efficiently.
ne-transistor-one-ReRAM (1T1R) structures are the key ele-
ents located at each array node. The use of transistors stems
rom the need to select the correct device during the programming
nd reading phase without causing cross-talk to neighboring
evices [ 15, 16 ]. Another advantage arises when the transistor’s
bility to control the current is used for the targeted programming
f the ReRAM to multiple resistance levels [ 17–21 ]. Here, the
egative differential resistance (NDR) effect during the SET event
f the VCM cell is of particular interest. Recently, the load
ine analysis that has been introduced for 1-resistor-1-ReRAM
1R1R) structures [ 22 ] has been extended to 1T1R structures to
nvestigate the switching behavior of the VCM cell separated
rom the transistor’s characteristic [ 23–25 ]. For 1R1R structures,
 correlation between the conductivity in LRS, GLRS , and the
mplitude of the current used in SET programming, Icc , has
een found and has been summarized under the ‘universal
witching law’ [ 26, 27 ]. Qualitative similar behavior has been
eported for 1T1R devices [ 28–31 ]. Due to the effect of the ohmic
oltage divider in 1R1R structures, the relationship between
LRS and Icc shows a quite high variability. In contrast, in
T1R structures the maximum value of Icc can be precisely
ontrolled via the voltage applied on the transistor’s gate and
ndependently from the voltage applied for switching. There-
ore, 1T1R structures are expected to show significantly reduced
ariability of the GLRS values. However, this is not always the
ase, which leads to limitations in programming multiple states
 11, 20, 25, 32 ]. 

n this work, we investigate the switching behavior of filamen-
ary VCM devices in 1T1R configuration, which show an NDR
ehavior during the SET event. Using a transient analysis, the
of 14
voltage on the ReRAM during the SET pulse under constant
current load is followed. A detailed analysis reveals a continuous
decrease in the voltage drop on the VCM cell following the SET
event, which holds despite the constant compliance current. This
phenomenon is in detail studied for 1T1R structures consisting
of filamentary switching HfO2 -based VCM devices manufactured
in the back-end-of-line (BEOL) in series with front-end-of-line
(FEOL) transistors of two different sizes (see Figure 1 ). By
comparing the experimental results obtained, further insights
into the growth behavior of the conductive filament are gained.
The effects of the SET pulse length are discussed in terms of the
cycle-to-cycle (c2c) variability of the obtained conductivity state,
GLRS , and guidelines for stable operating conditions of the 1T1R
elements are derived. 

2 Experiment and Methodology 

2.1 Device Integration on Top of 180 nm CMOS 
Chips 

The ReRAM devices investigated were integrated on top of
foundry-built NMOS transistors, using a process compatible with
CMOS BEOL manufacturing. For this study, we used a custom-
designed silicon chip in 180 nm technology from X-FAB Silicon
Foundries SE, for which the processing was stopped before the
fifth metal layer (M5). The chip, displayed in Figure 1a , contains
transistor structures that allow a fabrication of single 1T1R cells
and also arrays of 8 x 4 1T1R structures that enable computation-
in-memory (CIM) operations. All test structures in the chip are
summarized in the experimental section at the end. The ReRAM
crossbar structures are processed with contact pads on the via
structures between M4 and M5, building the connection to the
front-end transistors as shown in Figure 1b . The fabrication of
the 100 nm x 100 nm-sized Pt/3 nm HfO2 /3 nm TiOx /10 nm Ti/Pt
devices was realized in about thirty BEOL-compatible processing
steps, which are in detail described in the Experimental Section.
Advanced Electronic Materials, 2026
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FIGURE 2 (a) Pictogram of the 1T1R structure with definitions of the voltages: Vappl = VSL - VBL , VWL is applied between gate and ground, and 
VReRAM 

= VSL - Vx . (b) The measurement scheme consists of four blocks: a read-and-verify sequence to program a defined HRS, the transient SET analysis, 
a read of the programmed LRS, and a reset. (c) Ten switching curves showing measured current versus applied voltage, I – Vappl , for the set and the reset 
block. (d) Separated characteristics of ReRAM, I –VReRAM 

, and transistor load line calculated for the SET events in (c). [Correction added on May 28, 
2026, after first Online publication figure 2 was updated in this version]. 
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rocessing temperatures did not exceed 350◦C and the used
aterials and chemicals were CMOS-compatible. For the HfO2 -
ased VCM devices used here it is important that the resistive
witching transition metal oxide layer is sandwiched between a
o called ohmic electrode (OE), made from a material of low work
unction and high oxidation enthalpy (here: Ti), and a chemical
nert electrode with high work function called the active electrode
AE, here: Pt) [ 33 ]. The TiOx layer serves as an oxygen vacancy
eservoir, which moderates the oxygen-exchange between the
fO2 switching layer and the Ti OE [ 34, 35 ] and enables gradual-
ype resistance change under defined operation parameters [ 36 ].
he resulting 1T1R structure with the AE of the ReRAM cell
onnected to the source of the transistor can be seen in Figure 1b–
 . In this work, NMOS transistors specified for up to 5 V and of
he size W / L = 20 ( W = 10 µm, L = 500 nm), as well as W / L = 1
 W = 10 µm, L = 10 µm) were used. It is worth noting that the
tructuring method used in this work is somewhat generic and
lso works with other materials, e.g., TiN instead of Pt, and other
rocessing steps such as deep ultra violet (DUV) lithography. 

.2 Measurement Scheme and Parameter 
nalysis 

he experiments were performed using a Keithley 4200A SCS
quipped with two 2-channel pulse measure units (4225-PMUs)
nd four remote amplifiers (4225-RPMs). The strategy for bipolar
witching of the 1T1R structures (see Figure 2a,b ) considers that
he used NMOS transistors require positive voltage signals with
eference to ground at the bulk contact. To set the ReRAM from
 high resistance state (HRS) to a specific LRS, a positive voltage
SL is applied to the source line while the bit line is grounded,
dvanced Electronic Materials, 2026
VBL = 0 V. The ICC -value is controlled by the word line voltage VWL
on the transistor’s gate. For the reset process, a positive voltage is
applied at the bit line ( VBL > 0 V) while keeping the source line
grounded ( VSL = 0 V) with the transistor fully opened ( VWL = 5 V).
Prior to reproducible resistive switching, as-fabricated ReRAMs
required an electroforming step, which was carried out at a
current compliance of 325 µA ( VWL = 1.4 V) by applying a
positive voltage sweep with rate of 1 kV s− 1 at SL. Typical forming
voltages were found at about (3.14 ± 0.19) V for 70 devices. To
ensure proper device functionality, one hundred voltage sweeps
consisting of set and reset operations were performed prior to the
transient SET analysis. 

The experimental switching scheme is shown in Figure 2b and
is made up of three distinct parts. The first part represents a
read-and-verify scheme consisting of set, reset, and read pulses to
initialize the ReRAM in a well-defined HRS of about 125 to 175 kΩ.
The second part is the transient SET analysis performed under
controlled compliance current given by VWL and programmed
by sweeping the voltage signal VSL at a rate of 10 kV s− 1 to a
maximum voltage of Vappl,max with a pulse-like hold time, thold , at
the maximum. The various waveforms are further explained in
the different subsections. In the third part, a low voltage pulse is
applied in SET direction to read the LRS conductivity value GLRS .
Lastly, a reset is applied before the switching sequence is repeated.

The voltage that actually drops across the ReRAM cell at each
point of the switching curve is important for analyzing the SET-
switching behavior of the ReRAM operating in any configuration.
For 1T1R configurations where the ReRAM is in series with an
NMOS transistor as shown in Figure 2a , the I –VReRAM 

curve can
be calculated based on the ”transistor load line” concept [ 25 ],
3 of 14

tive C
om

m
ons L

icense



w  

F  

t  

c

 

 

 

w  

s  

t  

a  

b

3

3
I

T  

i  

t  

h  

v  

o  

c  

i  

3
 

t  

a  

p  

t  

d  

p  

i  

c  

q  

o  

o  

r  

v  

W  

p  

i  

f  

r  

f  

t  

t  

p  

i  

t

T  

s  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

4

 2199160x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202500891 by U
niversitatsbibliothek R

W
T

H
 A

achen U
niversity, W

iley O
nline L

ibrary on [01/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

rea
hich considers the ReRAM as a variable load of the transistor.
rom the measured current and actual transfer characteristic of
he transistor, the voltage divided over transistor and ReRAM cell
an be calculated. The formulas used are: 

𝑉R eR AM 

( 𝑡) = 𝑉appl ( 𝑡) − 𝑉DS ( 𝑡) (1)

𝑉DS ( 𝑡) = 𝑓( 𝐼total ( 𝑡) , 𝑉Gate , ef f ( 𝑡)) (2)

𝑉Gate , ef f = 𝑉WL + Δ𝑉Gate (3)

here Vappl = VSL - VBL is the voltage applied on the 1T1R
tructure, VDS = Vx - VBL the voltage on the transistor, and Itotal ( t )
he measured total current at any time t . The transistor data
re obtained from reference measurements and small deviations
etween various transistors on a chip are considered by ΔVGate . 

 Experimental Results 

.1 SET Behavior of Filamentary VCM Devices 
ntegrated in 1T1R Structures 

he bipolar switching behavior of filamentary VCM devices
s characterized by an abrupt SET event originating from a
emperature-enhanced drift-diffusion of oxygen vacancies. The
igh electronic current density, which is reached in the filament
olume causes Joule heating that enhances the migration of
xygen vacancies under the applied electric field. For HfO2 -based
ells, the SET polarity results in a reduction of the hafnium oxide
n the filament gap, thereby increasing the local conductivity [ 13,
7 ]. This self-accelerated process ends when Itotal ( t ) reaches ICC
hat is defined by the experiment. Simple setups use either
n external current compliance of the parameter analyzer or a
assive resistor in series with the ReRAM. It has been shown
hat the compliance current can be significantly distorted by the
ischarge of parasitic capacitance, which can lead to high current
eaks [ 38 ]. Therefore, the universal switching law postulated
n ref.[ 37 ], which suggested a correlation between the maximum
urrent during SET-programming and GLRS , could be proven
ualitatively, but not with the accuracy required for storing
f multi levels. The co-integration of ReRAM and transistor
n the same silicon chip enables parasitic capacitance to be
educed to a minimum [ 39, 40 ]. In 1T1R structures the ICC -
alue in SET is controlled by VWL in combination with VDS .
ith this experimental setting, different levels of LRS can be
rogrammed using the transistor as current limiter. Limitations
n the accuracy of programming 1T1R elements, which can arise
rom an unsuitable choice of transistor and ReRAM device,
ange from increased variability of the LRS resistance due to
luctuations in the transistor current to incomplete reset when
he LRS value is in the range of the impedance of the fully open
ransistor [ 25, 39, 41, 42 ]. To prevent overloading of the ReRAM,
rogramming/verification schemes were introduced, such as the
ncremental step pulse program and verify algorithm (ISPVA) and
he incremental gate voltage and verify algorithm (IGVVA) [ 43 ]. 

his work begins at a more fundamental level, namely under-
tanding the highly dynamic SET-switching behavior of filamen-
of 14
tary VCM devices in series with a nonlinear active device. The
SET-switching behavior of the ReRAM cell was derived from the
transient analysis of the current response of the 1T1R structure
under defined programming schemes shown in Figure 2b . The
programming sequence is repeatedly applied starting with the
read/verification step of the HRS. The total current is contin-
uously measured. By arranging it in an I–Vappl diagram, the
switching curve shown in Figure 2c is obtained. 

It should be noted that the graph shows the two half-cycles of SET
and subsequent reset, while the next complete cycle begins with
a read/verify step for the HRS. The I–Vappl curves show an abrupt
set at approximately Vappl = 0.8 V and a gradual reset starting at
approximately Vappl = -0.8 V. For completeness, the reset curves
are shown here, while the following analysis focuses on the SET
behavior and the programming of defined LRS. 

For the SET programming shown in Figure 2d , the voltage runs
through VSL = ( 0.0 V; 2.0 V; 0.0 V), while the compliance
current ICC of approximately 265 µA is controlled by the transistor
at VWL = 1.4 V. The contributions of the ReRAM and the
transistor can be separated from each other using the algorithm
summarized in Equations ( 1 ) to ( 3 ) [ 25 ]. The results are shown
in Figure 2d . Here, the absolute value of the voltage refers to
either VReRAM 

or VDS . In Figure 2d , the SET event also appears
at about |VReRAM 

| = 0.8 V, as the applied voltage mainly drops
across the ReRAM cell in HRS. During the abrupt SET event, the
voltage across the ReRAM cell collapses, which appears in the I -
|VReRAM 

| curve as snapback. In contrast, this behavior is masked
in the I - Vappl plot. With the beginning of the snapback, the total
current through the 1T1R structure is controlled by the transistor.
The I – Vappl curve follows the transistor’s characteristic until VDS 
falls below the onset voltage of the transistor. In this range, the
ReRAM in LRS acts as a low-resistance load in series with the
transistor, which is evident from the linear part in the I - |VReRAM 

|

plot in Figure 2c . 

3.2 ReRAM SET Behavior under Different 
Programming Conditions 

The SET-switching characteristics of nanoscale Pt/HfO2 /TiO2 /
Ti/Pt devices integrated into 1T1R structures were subsequently
investigated for two I/O transistors of different width to length
ratios, namely W/L = 20 and W/L = 1. In addition, variations in
gate voltage VWL and applied voltage Vappl were performed in the
experiments. The programming schemes, the SET characteristics
of ReRAM (50 cycles), and the respective transistor characteristics
are depicted in Figure 3a–f . Furthermore, Figure 3g–i shows the
conductivity values of the ReRAM cells in LRS, measured with
the transistor gate fully open, i.e., at VWL = 5.0 V, and at a read
voltage of Vread = 0.2 V applied between SL and BL (c.f. Figure 2b )
“Read”). 

Various influences of the transistor can be derived from the
experiments. First, the results for the variation of gate voltage at
Vappl,max = 2.0 V for the transistor with W/L = 20 are discussed,
as shown in Figure 3a,d,g . The I – VReRAM 

curves in Figure 3d
show a SET voltage of approximately 0.8 V, comparable snapback
behavior, and comparable values for VReRAM,hold for different
values of VWL = (1.0 – 1.4) V. Figure 3g shows the read conductance
Advanced Electronic Materials, 2026
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plots with 4 out of 50 repetitions plotted per switching condition, together with the relevant transistor output 
characteristic fixed at Vappl,max . In (g–i) the resulting mean conductivity values are plotted against the mean compliance current for (g) and (h), and 
against Vappl,max in (i). Furthermore, the linear regression from (g) is transferred to (h). 
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alues GLRS of the ReRAM cell after programming as a function of
he maximum current during the SET event, namely ICC . A linear
orrelation is found up to conductance values of about 400 µS. 

 corresponding experiment was performed for the transistor
ith W/L = 1 and the respective results are shown in Figure 3e,h .
hile the data for GLRS versus ICC in Figure 3h follow the same
traight line as in Figure 3g , the achievable conductivity values
each saturation at around 120 µS for larger values of ICC . The
rigin of this is clearly shown by the separation of the ReRAM
nd transistor behavior in Figure 3e . For VWL > 2.5 V that
orresponds to values of ICC > 100 µA, there is an interruption
f the snapback at current values that are significantly below
he current limit defined by the transistor in saturation. Due
o the moderate increase in transistor current with increasing
DS , current limiting for SET begins within the transition range
f the transistor characteristic curve. Another reason for the
aturation of the GLRS values is the non-negligible resistance of
he transistor in read mode, which limits the maximum value of
he total conductance. 

he effects discussed above contribute to the results which are
hown in Figure 3f,i . The experiment described in Figure 3c is
omplementary to the one in Figure 3a where the maximum
pplied voltage is varied between 1.0 and 2.5 V at constant gate
oltage. Surprisingly, the results summarized in Figure 3i show
dvanced Electronic Materials, 2026
a slight increase of the GLRS values with increasing Vappl,max .
The issue for the green curve, Vappl,max = 1.0 V, in Figure 3i is,
that the snapback of the SET process is stopped at a current
below the transistor’s saturation current due to a too low value
of VDS . However, this argument can’t explain the increase in GLRS 
when increasing Vappl from 1.5 V to 2.0 V to 2.5 V. For all three
experiments the SET event stopped in the transistor’s saturation
regime. The measured increase in GLRS by approximately 20 % is
larger than expected from the slight increase of the saturation
current. The main difference which becomes obvious from a
comparison of the design of experiments, this is comparing
Figure 3a,c , is the total time that is spent for SET. At a fixed slew
rate, the half cycle for SET takes longer in time for larger values
of Vappl,max compared to smaller ones. Keep in mind that the SET
snapback curves appear very much identical in Figure 3f , and that
the ReRAM in LRS is under controlled current until the voltage
is reduced to 0 V. Further investigations on this finding will be
shown and discussed in the next subsection. 

3.3 Influence of Time Under Constant Load on 

the Final Cell State 

To analyze the influence of the SET programming time under
constant load on the conductivity of the ReRAM in LRS,
time-dependent experiments were performed. Following the
5 of 14
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rogramming sequence in Figure 3b , the SET was modified for
ariable hold times ranging from 10 µs to 10 ms, which is realized
y a trapezoidal voltage waveform shown in Figure 4a . The exper-
ments shown in Figure 4 were performed with the following
arameters: transistor W / L = 20, VWL = 1.4 V, VSL,max = 2.0 V
ith a slew rate of 10 kV s− 1 . Figure 4b shows I –VReRAM 

curves
n light and dark blue determined for values of thold equal to
0 µs and 10 ms, respectively. The difference close to the SET
vent is attributed to a difference in the sampling rate, which was
nsufficient to resolve the SET event properly for the experiment
t thold = 10 ms. In order to confirm that the SET events were
omparable, the distributions of the SET voltages extracted for 50
xperiments each are shown in Figure 4c . The various sampling
ates of 106 samples/s and 105 samples/s are obvious, while
oth distribution functions show good agreement overall. The
napback of both I–VReRAM 

curves in Figure 4b stops at constant
urrent defined by I CC . The important difference is evident in
he different values of the hold voltage, where the snapback
ffect ceases and, consequently, in the different slopes of the
–VReRAM 

curves as they approach zero. This effect is further
upported by the trend of the read values G LRS , which increase
ith increasing programming time under constant load, as shown
n Figure 4e . 

o resolve the behavior of the ReRAM cell after the snapback in
ET, the voltage drop on the ReRAM is plotted as a function of
ime for the duration of the programming pulse. The transient
ehavior VReRAM 

( t ) is shown in Figure 4d . Analog to a box-plot
epresentation, the lighter and darker shaded lines represent
he 5th and 95th percentiles and the 25th and 75th percentiles of
of 14
all VReRAM 

( t )-curves, respectively. The mean VReRAM 

( t )-curves for
various thold are shown as solid lines. From Figure 4d it can
be seen that the SET time tSET defined by the maximum of
VReRAM 

( t ) is quite comparable for all switching events, which is
expected for experiments performed under the same conditions.
The snapback in Figure 4b appears as a drop in VReRAM 

( t ),
which follows a stretched exponential decay function over time
in Figure 4d . The region that shows the effect of different hold
times follows afterwards. Figure 4d clearly shows, that VReRAM 

( t )
is not constant, but decreases slightly over time at a constant
applied voltage VSL ( t ) = const. and under constant ICC . Figure 4d
summarizes transient measurements for all four hold times as
can be seen from the drop in VReRAM 

( t ) at the end of the VSL ( t )
pulse. The seamless transition between the different measure-
ment conditions provides further indication that the temporal
change of the conductivity value programmed under constant
load by means of 1T1R structures has a physical origin inherent
to the filamentary VCM-type switching. The read values GLRS 
programmed for different values of thold are shown in Figure 4e
(left axis) in combination with the voltage at the ReRAM at the
end of the programming pulse VReRAM 

( thold ). This clearly proves
the correlation between the decrease in VReRAM 

and the increase
GLRS with increasing thold , even under constant load, 𝐼CC , defined
by the saturation current of the series-connected transistor. From
these findings, it could be concluded that the SET-process,
which is characterized by voltage- and temperature-controlled
drift-diffusion of oxygen vacancies, did not stop abruptly after
the snapback had occurred. On the contrary, after controlled
switching to LRS, the conductivity of the ReRAM cell increases
steadily as long as current flows. 
Advanced Electronic Materials, 2026
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3
C

T  

i  

i  

W  

2  

t  

i  

e  

F  

m  

i  

o  

a  

w  

d  

1  

l  

a  

t  

Δ

I  

i  

d  

C
 

i  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A

 2199160x, 0, D
ow

nloaded from
 https://advanced.onlinelibrary.w

iley.com
/doi/10.1002/aelm

.202500891 by U
niversitatsbibliothek R

W
T

H
 A

achen U
niversity, W

iley O
nline L

ibrary on [01/06/2026]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

rea
.4 Influence of Transistor Characteristic and 

urrent Range 

ransient analyzes of the ReRAM response during programming
nto the LRS under constant load, controlled by a transistor
n series, which were performed for two different transistors,
/L = 20 and W/L = 1, for different compliance currents
0 µA ≤ ICC ≤ 300 µA, controlled by VWL , and for different hold
imes with 10 µs ≤ thold ≤ 10 ms, are shown in Figure 5a,b and
llustrate the GLRS read values measured at 0.2 V as box plots,
ach comprising 50 repetitions of the programming algorithm in
igure 2b . Furthermore, Figure 5c shows GLRS as a function of the
easured ICC values for the transistor with W/L = 20. An increase
n GLRS with increasing length of the programming pulse can be
bserved in all cases, regardless of the transistor characteristics
nd current ranges. Plotting a linear regression for data points
ith the same hold time results in straight lines with slightly
ifferent slopes, as shown in Figure 5c for the two hold times of
0 µs and 10 ms. As the pulse length increases, the slope of the
ine increases, which corresponds to a decrease in VReRAM 

( thold )
s thold increases. Thus, the length of the programming pulse
hold affects the conductance change ΔGLRS obtained for a certain
ICC . 

n addition, the cycle-to-cycle variability of the programmed LRS
s examined using the coefficient of variation CoV, which is
efined as the ratio of the variability σ and the mean value µ:
oV( GLRS ) = 𝜎( GLRS )/ µ( GLRS ). For the measured values of GLRS
n Figure 5d shows the percentage CoV-value as a function the
dvanced Electronic Materials, 2026
mean value of 𝐺LRS . In the double logarithmic representation,
there is an almost linear relationship between the cycle-to-cycle
CoV( GLRS ) and µ( GLRS ). Two observations can be made: First, two
straight lines can be seen, corresponding to the two transistors
with different gate lengths. Second, the values determined for
a particular transistor lie almost entirely on the straight line,
regardless of the length of the SET pulse. Similar behavior can
be found in refs. [ 39, 44–46 ]. According to the explanations
in ref. [ 44 ], this suggests a uniform mechanism that controls
the SET process under constant load and the variability of the
programmed states. 

3.5 Influence of Current Changes During 
SET Programming 

The analyzes discussed in the previous sections show a contin-
uous slight increase in the conductivity of the ReRAM cell after
the main SET process, which continued during the duration of the
programming pulse. The voltage drop across the ReRAM cell after
snapback, in combination with the programming current, pro-
vides sufficient power to maintain a moderate ion displacement.
Even at low compliance currents, no “freezing” of the ion current
was observed. This raises the question of how low the current
has to be that progressive ion displacement in the time domain
of the SET pulse is no longer significant. The 1T1R structure,
with its flexibility to control the programming voltage and current
independently, offers the possibility to conduct experiments to
answer this question. 
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herefore, experiments were designed to increase and decrease
he compliance current between two levels, ICC,low and ICC,high
uring the SET pulse by controlling the gate voltage, as shown
n the VWL ( t )-profiles in Figure 6a,b . The specified programming
cheme begins with a given value of VWL,1 . When VSL ( t ) = 2.0 V
s reached (c.f. Figure 2b ), the gate voltage is changed to VWL,2 ,
hich is kept constant for the remaining pulse duration of 10 µs,
00 µs, 1 ms, and 10 ms in total. The experiments shown in
igure 6a,c deal with four different waveform variants, each of
hich was tested for 50 cycles on the same device: (1) constant
WL = 1.2 V (green), (2) constant VWL = 1.3 V (pink), (3) increase
f VWL from 1.2 to 1.3 V (orange) and (4) decrease of VWL from
.3 to 1.2 V (blue). The corresponding box plots for the measured
alues of GLRS in Figure 6c show the following: Experiments (1)
nd (2) conducted as references for ICC,low and ICC,high , respectively,
how the same trend as the previous experiments (c.f. Figure 5a ).
he results of experiment (3) show GLRS values that are close
o the values in experiment (2), even though the SET-event
as performed with a lower current ICC,low until the end of
he snapback and then increased to ICC,high . This suggests that
ncreasing the compliance current towards the end of the SET
ulse amplifies the change in LRS due to the hold time. In
xperiment (4), the compliance current was reduced to the low
alue ICC,low as soon as = 2.0 V was reached. The resulting values
f GLRS are slightly lower than the lowest values in experiments
2) and (3), but significantly higher than the highest values in
xperiment (1). The experiments in Figure 6a,c show that the LRS
f the ReRAM cell is always influenced by the highest current
ccurring during the SET pulse. An increase in GLRS is observed
hen the current is increased after the main SET event, but
of 14
still within the SET pulse. Conversely, however, the continuous
increase in GLRS during the duration of the SET pulse can be
suppressed if the compliance current is reduced immediately after
the SET event within the SET pulse. A detailed analysis of the
results of experiment (4) in Figure 6c was performed using the
experiments described in Figure 6b,d . Here, the series starts with
a set at VWL = 1.4 V, i.e., at an increased ICC,high compared to the
previous experiment. The GLRS values obtained for the reference
waveform, in which is kept constant at 1.4 V, are shown in green
in Figure 6d . The following waveforms (pink, orange, blue, gray)
consider different values for ΔVWL , namely 25 mV, 50 mV, 0.1 V,
and 0.2 V, respectively. The results in Figure 6d show that the
increase in GLRS with increasing thold can already be attenuated if
the gate voltage is reduced by 25 mV after the SET event. A larger
reduction in gate voltage leads to a stronger slowdown in the
increase. From a reduction of approximately 0.1 V, the recorded
GLRS values are almost constant for all pulse lengths. 

These experiments show that LRS states with precisely defined
GLRS values can be programmed by controlled reduction of the
total current after the SET event, but still within the SET pulse.
The improved cycle-to-cycle reproducibility of LRS becomes
apparent when looking at the CoV-values for the GLRS data from
Figure 6d , which are shown in Figure 6e . Analogous to Figure 5d ,
the percentage ratio 𝜎( GLRS )/ µ( GLRS ) is plotted above the µ( GLRS ).
Contrary to the increasing cycle-to-cycle CoV with decreasing
µ( GLRS ) observed in Figure 5d , the set programming described
in Figure 6b led to reduced CoV-values with increasing ΔVWL ,
even for lower values of µ( GLRS ). The results underscore how
critical it is for the reproducibility of the written LRS value from
Advanced Electronic Materials, 2026
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ycle-to-cycle to control ion migration in the filament during the
ET-switching process. 

.6 Effect on the Stability of the Programmed 

onductance States 

he previous section demonstrated that low-resistance states
rogrammed by reducing the gate voltage of the transistor
fter the SET event exhibit smaller cycle-to-cycle variations
han those programmed by reducing the source-drain voltage
hile keeping the gate voltage constant. However, the abrupt
eduction in the programming current could lead to a less
ell-controlled filament shape. To analyze the stability of the
arious programmed states, additional measurements of short-
erm stability and read disturbance were therefore performed,
oth for standard programmed states and for states achieved by
educing the transistor’s gate voltage. 

n the first case, a voltage sweep as seen in Figure 4a with one
f three wordline voltages VWL = 1.1 V to VWL = 1.3 V and a
old time of 100 µs is used. In the second case, the proposed
lgorithm as plotted in Figure 6b is applied, using the same VWL
alues and hold time. For both, short term stability and read
isturb measurements, a read pulse of 0.2 V and tread = 10 µs is
pplied directly after programming while keeping the transistor
ully open ( VWL = 5 V). Afterwards, read pulses are applied every
ecade between 10 ms and 10s. Between the read pulses, the
oltage is held at 0 V in case of the short-term stability and at
.2 V for the read disturb characterization. To test the stability
n both set and reset direction, the pulses are applied on either
L or SL. The resulting resistance states are compared to their
riginal states R0 at t0 (after the programming) for each time step.
ach VWL and read operation in the two directions is repeated 100
imes. The analyzed results are plotted in Figure 7 in a manner
imilar to a box plot. Here, the lighter (outer) area represents
he 5th and 95th percentiles, while the darker (inner) shaded area
epresents the 25th and 75th percentiles, respectively, of all read
easurements. The mean values are given by the solid circles
onnected by the solid lines. Regarding short term stability of the
ritten states the distributions obtained by the two programming
ethods shown in Figure 7a almost overlap. However, regarding
he read disturb behavior, the states programmed w/o reduction
dvanced Electronic Materials, 2026
of the WL voltage show a reduced widening of the distribution
compared to the states that were written with reduction of the
WL voltage. The experiments indicate that the relaxation-like
process of filament formation that is obtained in standard 1T1R
programming scheme lead to filaments with an increased stability
by about 2% compared to states programmed by reduction of the
WL voltage. 

4 Physical Understanding of the Pulse 
Time-Dependent LRS in 1T1R 

The SET process in filamentary switching VCM-type devices is
understood from a thermally accelerated drift-diffusion of ionic
defects in the area of the filament due to Joule heating [ 13 ].
The thermal amplification supports the nonlinear relationship
between switching time and applied voltage, enabling extremely
short switching times down to the ps range [ 7, 36 ]. Unfortunately,
the runaway of the current during SET causes significant cycle-
to-cycle variability in LRS for single-step programmed ReRAM
devices. To mitigate severe current overshoots, compliance is
required to limit the maximum current during SET operation. In
1T1R structures, compliance is determined by the total current
controlled by the transistor in series. However, the results of
this study on the transient SET-behavior of on chip-integrated
nanoscale ReRAM cells show a clear switching aftereffect in the
form of a continuous increase in the conductivity of the ReRAM
cell as long as the SET pulse continues and the compliance
current flows through the cell, albeit at a lower voltage. The
experimental results suggest the influence of a residual ion
drift, which persists even at reduced voltage. The cause of this
change in conductivity is likely to be a combination of the
residual temperature after the SET event and the load exerted
on the cell. This finding is supported by results from a physical
model. For this purpose, the simulation results for an alternative
filament-like VCM switching system, specifically Pt/TaOx /Ta/Pt
components, which were discussed in detail in reference [ 47 ],
are considered below for a qualitative comparison, using the
simulation parameters as given in Table 1 of reference [ 47 ]. 

The influence of temperature in the filament region on the
switching behavior of ReRAM cells integrated into 1T1R struc-
tures was simulated using the recently introduced advanced
9 of 14

tive C
om

m
ons L

icense



Time (s)
V

S
L 

(V
)

|C
ur

re
nt

| (
µA

)

10

0

20

30

40

50

0 0.5 1.0 1.5 2.0
V

ReRAM
 (V)

0 0.5 1.0 1.5 2.0
V

ReRAM
 (V)

|C
ur

re
nt

| (
µA

)

10

0

20

30

40

50

55

60

65

70

75

80

10-5 10-4 10-3 10-2

G
LR

S
 (

µS
)

t
switch, eff

 (s)

SR = 10 kV/s
SR = 2 MV/s

300

T
em

pe
ra

tu
re

 (
K

)

400

500

600

700

800

10-6 10-4 10-2

Time (s)
10-6 10-4 10-2

Time (s)
N

di
sc

 (
10

25
 m

-3
)

0.5

1.0

1.5

2.0

2.5

a) b) c)

d) e) f)
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– curves for the two sweep rates, respectively. (d) Transient temperature curves for both simulations, showing the highest temperature at 
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increase at VSET with a continuous increase with time afterwards. (f) Calculated GLRS versus the effective switching time tswitch,off . 
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ompact model for filamentary switching VCM-type memristive
evices. The “JART VCM Rth Compact Model” [ 47 ] is an exten-
ion of the established “JART VCM v1b”model, which has already
een successfully used to describe the switching behavior of
fO2 /TiOx /-based nano-crosspoint devices [ 48 ]. As an extension,
he “JART VCM Rth Compact Model” takes into account a state-
ependent effective thermal resistance Rth,eff that depends on the
ctual oxygen vacancy concentration in the disc area, namely
disc . In detail 

𝑅th , ef f ( 𝑡 ) =
𝛽

𝛼 + 𝛾𝑁2 
disc 
( 𝑡 ) 

(4)

ith the coefficients 𝛼, 𝛽, and 𝛾. This Rth,eff affects the local
emperature T in the area of the disc, which is calculated from
he power dissipation due to Joule heating within the area of the
ilament: 

𝑇( 𝑡) = 𝑉R eR AM 

( 𝑡) ⋅ 𝐼total ( 𝑡) ⋅ 𝑅th ,eff ( 𝑡) + 𝑇0 (5)

ith VReRAM 

= Vdisc + Vplug + VSchottky (see Figure 1d ) and Itotal
 Ielec + Iion . The change in Ndisc is defined by the ionic current
ion , which depends exponentially on the temperature T , and is
herefore influenced by changes of the state-dependent Rth,eff .
onversely, a change in Ndisc is fed back into Rth,eff , causing the
tate-dependent variables in the model to mutually affect each
ther. The complete equation system is given in the original work
 47 ]. For the simulations in this work, the same parameter set as
n the original work was used. 

igure 8 shows the results for two different sweep rates, namely
0 kVs− 1 (blue) and 2 MVs− 1 (red). The slower sweep is close to
he experimental setting, while the faster sweep rate is chosen
o reduce the influence of the rise time with respect to the hold
0 of 14
time. The various voltage signals VSL ( t ) for the two sweep rates
and four values of thold are given in Figure 8a . The Itotal - VReRAM
curves in Figure 8b,c clearly show the characteristic snapback-
effect of filamentary VCM devices. The different SET voltages
obtained for different sweep rates is due to the nonlinear SET
kinetics behavior. Furthermore, different conductance states for
the various thold -values can already be seen in the Itotal - VReRAM 

curves after snapback. These simulation results correspond very
well with the experimental observations. The simulation now
offers the possibility to extract the time behavior of physical
parameters during the SET process such as the temperature
in the filament T ( t ) and the oxygen vacancy concentration
in the disc region Ndisc ( t ), which are shown in Figure 8d,e ,
respectively. During snapback, an abrupt rise in T and in Ndisc 
can be observed. More important, however, is the steady decline
of T ( t ) and the steady increase of Ndisc ( t ) after the snapback,
which continue until the end of the programming pulse. Inter-
estingly, the different slew rates have only a minor influence
on the final values of Ndisc for longer pulses. Figure 8f shows
the resulting GLRS values as a function of the effective SET
time, tswitch,eff . The increase in GLRS with increasing tswitch,eff is
in good agreement with the experimental findings shown in
Figures 5a,b . 

5 Discussion 

The SET switching behavior of ReRAM devices integrated with
transistors in 1T1R structures on the same chip is considered
to be ideally controlled. Integration on the same chip reduces
capacitive charging effects that can lead to unwanted current
spikes during SET events. Furthermore, a transistor operated in
saturation acts as a nearly ideal current limiter. Based on the
idea of ideal current compliance, the universal switching law [ 37 ]
Advanced Electronic Materials, 2026
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ormulates a direct correlation between the compliance current
CC during SET and the resulting conductivity GLRS of the ReRAM
n LRS. However, often, a significant cycle-to-cycle variability in
RS is observed limiting the number of distinguishable multilevel
tates, for example, in CIM applications. 

o investigate and understand the transient behavior during the
ET switching event of standard filamentary switching VCM-
ype memristive devices, a CMOS-chip has been designed and
anufactured based on standard 180 nm bulk silicon technology,
hich offers the possibility for integrating nanoscale crossbar-
tructured memristive devices in a BEOL process on top of the
hip with differently sized BEOL NMOS transistors. This work
bout the transient analysis of the SET behavior of filamentary
CM-type devices used nanoscale Pt/HfO2 /TiOx /Ti/Pt cells inte-
rated into 1T1R structures on chip using two different transistors,
amely W / L = 20 and W / L = 1. The I–VReRAM 

curves, derived
y the algorithm in ref.[ 25 ], showed the characteristic snapback
ffect in SET, which is understood by field- and temperature-
nhanced acceleration of the ion migration. A closer examination
f the region behind the snapback revealed a steady drop in the
oltage across the ReRAM, which continued for the duration
f the programming pulse at constant current, ICC , controlled
y the voltage at the transistor gate. At the circuit level, this
ontinuous change in the state of the ReRAM cell during SET
nder constant load is reflected in the dependency of the read
alue of the conductivity in LRS on the SET pulse length or the
old time: GLRS ( thold ). 

n important finding of this study is that an influence of residual
on drift after the snapback was observed at ICC -values in the
ange of approximately 20 to 600 µA. This indicates a common
hysical mechanism and suggests that there is no threshold value
elow which the GLRS ( thold ) dependence is no longer observed.
onsidering the cycle-to-cycle variability of the conductivity in
RS programmed by single-pulse SET events, a linear decrease
f CoV( GLRS ) with increasing µ( GLRS ) on the log–log scale has
een found, regardless of thold or ICC . These findings suggest a
niform mechanism that controls the set process under constant
oad. Hence, SET events with lower current compliance, which
ead to more fragile filaments, offer more possibilities for different
on configurations, and, therefore an increased cycle-to-cycle
ariability of GLRS , in agreement with previous reports [ 39, 44–46 ].

he time-dependent investigation of the ReRAM behavior under
he SET pulse clearly shows that ion migration within the hot
ilament continues after the snapback effect in the SET, which is
ften mistakenly referred to as a set event in I - Vappl - curves, even
t the then reduced voltage across the ReRAM cell, until Vappl is
educed to such an extent that the transistor no longer supplies
ny current. 

n contrast, the residual ion drift after snapback in the SET
ould be successfully reduced by a controlled reduction of the
otal current during the SET pulse immediately after the SET
vent. In this way, it was even possible to achieve a reduction
f the CoV( GLRS ) values of approximately 50 %, from around
 % to around 3%, even though the µ( GLRS ) values were reduced
rom around 480 mS to around 410 mS at the same time. The
ignificantly lower variation from cycle-to-cycle is accompanied
y a slight decrease in the stability of the filaments obtained
dvanced Electronic Materials, 2026
using the programming method that reduces the WL voltage
compared to standard programming. Nevertheless, the reduction
in variation by approximately 50% outweighs the loss of stability
of about 2%. 

The proposed programming scheme can be reproduced by the use
of a write termination circuit, i.e., a circuit that can accurately
sense the resistance change of a memristor and terminate the
voltage pulse once such a resistance change occurs [ 49–54 ].
Next to the reduction of resistance variability, a reduction of
the required switching energy can be achieved at the cost of a
larger area needed to implement the circuit. Implementation in
large memristive arrays helps to reduce the ratio percentage of
memristive array and write circuits, where the impact of the write
circuit on the memory area can be reduced down to 10% for a
400 x 4 array [ 49 ]. To be able accurately program the resistance
states, the latency of the circuit should be as small as possible. In
case of the write termination circuit in ref.[ 50 ], a latency of 2.8
ns has been achieved. Similar circuits show a latency of 2.2 ns
[ 54 ], 1.8 ns [ 52 ] and 5 ns [ 53 ]. All referenced write termination
circuits, which are based on technology nodes between 22 and
150 nm, show a latency below 10 ns. Therefore, the transition
to the here employed technology node should not significantly
increase latency. Comparing the latency of these devices to
the proposed current reduction algorithm, where approximately
100 µs are between the snapback process and the reduction of
the voltage applied on the wordline, it can be assumed that
the write termination is quick enough to implement the used
algorithm, and thereby decrease the cycle-to-cycle variability of
the memristor. 

Qualitatively, the experimental results were well-matched by
simulation results using a very recently reported compact model,
namely the “JART VCM Rth Compact Model” [ 47 ], which takes
into account a state-dependent effective thermal resistance Rth.eff 
that depends on Ndisc . This correlation supports the physical
description that the growth of the filament in the SET process con-
tinues beyond the abrupt switching event as long as the SET pulse
is applied. Due to the voltage divider between the ReRAM cell and
the transistor, the value of the maximum applied voltage, Vappl , is
not decisive as long as the transistor is in its saturation regime
during the SET event. However, in addition to the value of ICC ,
the duration of the pulse thold is important for the programmed
GLRS . As the simulation does not give a direct information of the
filament length and radius due to the restrictions of the compact
model, changes in the filament size are expressed by changes
of oxygen vacancy concentration in the disc region. After the
snapback, the concentration steadily increases linearly, showing
further growth of the filament in the vertical direction from
the OE toward the AE, explaining the increasing conductance
over time as a direct result of the decreasing disc length. In
comparison, due to the reduction of the current and thereby the
shut off of the switching process in the proposed programming
scheme, the uncontrolled and unintentional filament growth in
the vertical direction is cut short, reducing its influence on the
variability of the programmed state, while keeping the stability
similar to normal programmed states. 

Additionally, the simulation results allow a deeper understanding
of the behavior of the cell during the pulse. During the hold
time, the electric field inside the memristor follows the voltage
11 of 14
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ropping on the memristor, as a constant plug length is assumed
n the simulation while the concentration of oxygen vacancies
ncreases in the disc area. Simultaneously, the elevated temper-
ture in the cell results in the observed ion/conductance drift, as
hown by calculating the ionic current under constant electrical
ield at room temperature Tamb (like in the case of an applied
ead pulse) and at an elevated temperature Thold (the temperature
iven in Figure 8 ). The following relation is obtained: 𝐼ion ( 𝑇hold ,𝐸) 

𝐼ion ( 𝑇amb ,𝐸) 
=

xp [
Δ𝑊a 

𝑘B 
⋅ (

1 

𝑇amb 
− 1 

𝑇hold 
) ] ∼ 130 ⋅ 106 , using ΔWa = 1.3 eV, Tamb

 293.16 K and Thold = 460 K [ 47 ]. Due to the exponential
ncrease of ionic current with temperature under constant elec-
rical field, controlling the temperature after the SET process
s of utmost importance to decrease variability by unwanted
ilamentary growth. 

 Conclusion 

n this work, the time-dependent change of the ReRAM conduc-
ivity during SET programming was analyzed for 1T1R structures.
or this purpose, nano crossbar ReRAM cells were integrated on
 chip designed and manufactured in 180 nm, 5 V silicon bulk
echnology. For two different transistor characteristics and for
rogramming currents between 20 and 600 µA, it was shown
hat the LRS conductivity of the ReRAM cell increases with
ncreasing time under constant load. By calculating the voltage
rop on the ReRAM, it could be shown that the increasing
onductance relates to a decreasing VReRAM 

with a stretched
xponential decay behavior under constant current compliance.
he physical understanding is by means of residual ion drift
nder reduced voltage enabled by elevated temperature in the
ilament area, which is caused by the decaying high temperature
f the abrupt SET and Joule heating due to the constant current
n the cell. These aftereffects result in LRS conductivity values
hat depend on the pulse length of the SET pulse for filamentary
CM devices operated in 1T1R structures. This hypothesis was
alidated by simulations performed using the JART VCM Rth
ompact Model. The present work underlines the important role
he local temperature in the filament area has on the cycle-
o-cyle variability of LRS conductivity values programmed for
eRAM cells integrated in 1T1R structures. In addition to the
hysical understanding of the transient behavior of ReRAM
evices during SET programming in a 1T1R configuration, a
rogramming algorithm is proposed in which the current through
he device is reduced by decreasing the gate voltage immedi-
tely after reaching the maximum applied voltage. By this, a
eduction in the CoV( GLRS ) by approximately 50 % was achieved.
his underscores that for filamentary-switching VCM cells,
emperature control during the SET is an important parameter
or optimizing cycle-to-cycle variability in VCM-type ReRAM
evices. 

 Materials and Methods/Experimental Section 

.1 Test Chip Design 

he chip was designed in a 180 nm 5 V CMOS technology from
-FAB Silicon Foundries SE. Its focus was to provide a test
latform for various memristor-CMOS integration tests, hence it
2 of 14
contains different test structures. Contacting the chip was done
through the vias connecting metal layers 4 and 5. The processing
was stopped before metal 5 deposition, exposing via blocks of
2.34 µm × 2.34 µm. The post processing integrated then bigger
pad structures of 80 µm × 80 µm for positioning of probe tips and
smaller structures of 5 µm × 5 µm to provide an interface to the
ReRAM structures. 

Two different groups for pad layouts exist on the chip, as it
can be seen in Figure 1a : an array structure having the pads
oriented in a square of 3mm × 3mm with 16 pads per edge,
resulting in 64 contacts per array structure. Each structure
allowed memristive crossbar arrays with x x y 1T1R combinations
in a matrix configuration. LT consisted of four 1T1R subarrays
(three 8 × 4 and one 7 × 4), all with the same W/L ratio in one
subarray, but with different ratios between subarrays. LB consists
of a 3 × 6 dual-bitline array, a 4 × 8 pseudo-crossbar array, an 8 × 4
1T1R array and an 8 × 4 nano-1T1R array with minimal transistor
dimensions. RT was a single 31 × 16 1T1R array. RB consisted of
four 16 × 1 line arrays with different transistor sizes. In all arrays,
the empty areas were used for 1R cells. 

The remaining space on the chip was filled with groups of
four pads for additional device testings, bundled together in
tracks of different lengths and orientations to optimally fill
the remaining space. Three categories of tracks are included:
CMOS test structures enable an insight into variations and
post-processing effects on all areas of the chip. They included
two ring oscillators of different eigenfrequency, a constant gm
cell, four resistive strings, as well as differently dimensioned
PMOS and NMOS transistors as they were used in the circuits
and the 1T1R combinations. Of these single transistors, four
core PMOS and NMOS (1.8 V) and five I/O PMOS and NMOS
(5.0 V) were used. In the next track category, single memristor
(1R) tracks integrate up to 22 pad pairs to characterized the
memristor itself without any active CMOS component and
just metal connections between the two contact structures.
Finally, the majority of tracks were devoted to one memristor -
one transistor combinations (1T1R) with different transistor
dimensions and up to 11 1T1R structures per track. Some of
the 1T1R structures included a simple ESD structure at the
gate, protecting the transistors from electrostatic post-processing
effects. All transistors intended to interface a memristor use I/O
transistors specified for voltages up to 5 V. In total, the chip
contains 47 CMOS test structures, 378 1R structures, and 950 1T1R
structures. 

7.2 Memristor Fabrication 

The VCM devices were fabricated instead of metal layer 5 of
the 180 nm CMOS chip by X-FAB Silicon Foundries SE. The
process started with the fabrication of contact pads, partially on
the tungsten via connecting to the transistors underneath, and
e-beam markers from DC sputtering of 5 nm Ta and 50 nm Pt
at room temperature. Patterning was done by laser-lithography
using a mask-less aligner and the structuring was done by
a lift-off process in acetone. Afterwards, the 100 nm x 100
nm sized filamentary VCM cells were fabricated between the
contact pads. To this end, first the bottom electrodes (BE)
Advanced Electronic Materials, 2026
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ere fabricated by DC sputtering of 5 nm Ta and 25 nm Pt
t room temperature, patterning by e-beam lithography and
tructuring with a room temperature RIBE process using argon.
fterwards, the switching oxide from 3 nm HfO2 and 3 nm
iOx layers was deposited by atomic layer deposition (ALD)
n a FlexAl system of Oxford Plasma Technologies at a table
emperature of 300◦C. The used process for the HfO2 was an
xygen plasma process with tetrakis(ethylmethylamino)hafnium
TEMAH) as Hf-precursor, while the TiOx layer was deposited
rom tetrakis(dimethylamino)titanium (TDMAT) and water
apor. Lastly, the TE metal, namely 10 nm Ti and 20 nm Pt, was
eposited by DC sputtering. The switching oxide and the TE were
gain patterned by an e-beam lithography step and structured
sing a RIBE process. Lastly, connector bars were fabricated by
 lift-off process to establish electrical connection between the
lectrodes and the metal pads. Therefore, resist was patterned
y a lithography step, 5 nm Ta and 50 nm Pt were subsequently
eposited via DC sputtering and structures were obtained by a
ift-off process based on acetone. During the fabrication, CMOS
ompatible chemicals and temperatures were used in order to
reserve the transistors. The resulting 1T1R structure had the
ctive electrode (Pt) of the VCM cell connected to the source of
he NMOS transistor. 
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