This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

Y )

IEEE TRANSACTIONS ON ELECTRON DEVICES

¥ S

Effect of Transistor Transfer Characteristics
on the Programming Process
in 1T1R Configuration

Xiaohua Liu™, Christopher Bengel™, Felix Clppers™, Oliver Solfronk, Bojian Zhang,
Susanne Hoffmann-Eifert™, Stephan Menzel™, Senior Member, IEEE,
Rainer Waser™, Member, IEEE, and Stefan Wiefels™, Member, IEEE

Abstract— The one-transistor-one-resistor (1T1R) struc-
ture has been widely used in the context of novel neuro-
morphic applications. It can effectively control the state
variability in redox-based resistive random access mem-
ory (ReRAM) and suppress the leakage current in ReRAM
arrays. Since the transistor size has a direct impact on the
electrical behavior, matching the characteristics of the two
components in the 1T1R structure is a crucial step at the
beginning of the device design. In this article, we focus
on valence change mechanism (VCM)-type ReRAM devices
and investigate the effect of the transistor transfer char-
acteristics on the programming characteristics of 1T1R
structures. By comparing the electrical behavior of three
types of 1T1R structures with different transistor sizes
during a gradual SET switching algorithm, we analyze how
the applied voltage is distributed between the ReRAM cell
and the transistor. Furthermore, the relationship among the
transistor size, the operating region, and the bias condi-
tions is explored based on the JART VCM vib compact
model. Finally, we discuss the effects of these factors on
the programming characteristics of 1T1R structures and
provide design suggestions regarding transistor size and
bias conditions.
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. INTRODUCTION

EDOX-BASED resistive random access memory

(ReRAM) has recently received increasing attention
for the potential as artificial synapses in neuromorphic
computing [1], [2], [3], [4]. As the basic working elements of
ReRAM arrays, one-transistor-one-resistor (1T1R) structures
can be programmed to different resistance levels, since the
transistor can act as an effective current compliance regulated
by the gate voltage. To achieve multibit information storage
and improve the accuracy of inference tasks, the programming
method by a stepwise increase in the gate voltages has been
widely used to fine-tune the conductive levels of the ReRAM
cells [5], [6], [7]. By adjusting the growth increment of
the voltage steps, the pulsewidth, and the starting voltage,
the programming method can be optimized to achieve a
balance between energy consumption, programming time,
and accuracy [8], [9].

However, among the numerous 1TIR structures reported so
far, the transfer characteristics of the transistors vary [10], [11],
[12]. This directly translates into different voltage parameters
for programming. Considering that transistors with different
W/L ratios have different transfer characteristics, it is necessary
to investigate the influence of transistor transfer characteristics
on the electrical performance of 1T1R structures [13].

In this article, 1TIR structures with three different W/L
ratio transistors are investigated. The influence of the transistor
characteristics on the switching behavior of the valence change
mechanism (VCM)-type ReRAM devices is discussed by
extracting the intrinsic voltage drop in the memristive device
versus the current. Furthermore, the evolution of the electrical
characteristics of the three types of ITIR structures during
the SET process is compared using a predefined programming
verify algorithm. Furthermore, the JART VCM v1b compact
model is used in the 1T1R structures based on which the rela-
tionship between bias condition in the SET process and device

© 2024 The Authors. This work is licensed under a Creative Commons Attribution 4.0 License.
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TABLE |
DIMENSIONAL INFORMATION FOR THE TRANSISTORS
Transistor Type Width Length W/L
T-1 10 um 500 nm 20
T-2 10 um 10 yum 1
T-3 220 nm 500 nm 0.44

conductance is matched. Finally, the performance of three
types of 1T1R structures is discussed regarding resistance ratio
and variability control. Suggestions on the W/L ratio are given
for transistor size design according to the requirements of
different applications.

Il. EXPERIMENT AND METHODOLOGY
A. Device Information

The ITIR structures used in this study are our previously
reported Pt/HfO,/TiO,/Ti-based VCM cells [4], [14], [15],
[16] connected in series with n-type transistors in a 0.18-um
CMOS technology, which are fabricated in collaboration with
X-FAB semiconductor foundries GmbH. The Pt electrode
is called the active electrode due to its higher metal work
function and forms a Schottky-type contact with the HfO,
switching layer, while the other electrode is called ohmic
electrode (OE). In this work, the active electrode of the
VCM cell connects with the transistor. There are three W/L
ratio transistors involved in this work, 20 (W = 10 um,
L =500 nm), 1 (W =10 um, L = 10 um), and 0.44 (W =
220 nm, L = 500 nm). All the dimensional information for the
transistors are detailed in Table I. Next, we will refer to each
of the three types of transistors as T-1, T-2, and T-3. Both the
width and length of the transistor channel affect the transistor’s
ability to control the flow of charge carriers, which in turn
affects its electrical behavior [17]. A wider channel allows
more charge carriers to flow, increasing the transistor’s current-
carrying capacity. A shorter channel allows for faster switching
times and can further reduce the resistance encountered by the
carriers. However, the shorter channel may introduce nonideal
behavior, such as channel length modulation and short-channel
effects. In short, when the same gate voltage is applied, the
allowed current values are expected to be T-1 > T-2 > T-3.

B. Calculation of Intrinsic ReRAM Voltage

The experiment was performed using the aixACCT Sys-
tems, aixMATRIX measurement tool, used in single-cell mode
comprising four arbitrary waveform generators [18]. The bias-
ing scheme for switching the 1TIR structures is shown in
Fig. 1(a). 1TIR structures with n-type transistors cannot be
operated with negative voltages because the bulk is always
grounded when the transistor is in operation. To switch the
VCM cell from a high resistive state (HRS) to a low resistive
state (LRS), i.e., SET process, a positive voltage (Virir) is
applied to the OE, while the drain is grounded. In this config-
uration, the voltage at the source terminal equals the voltage
drop over the transistor Vg sgr. The electrical characteristics
of the transistor follow its transfer characteristics because
the channel is fully controlled by the gate voltage. For the
reversed process, i.e., the RESET operation, a positive voltage
is applied to the drain (Vi rir), while the OE is grounded.
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Fig. 1. (a) SET and RESET bias scheme of the 1T1R structure.

(b) Transistor load line concept including the transistor characteristic
(blue curve) and the load line (red curve). (c) Method for determining the
effective gate voltage. Transistor characteristics (dashed lines) and the
corresponding derived current versus cell voltage curves (solid lines).
The three dashed lines correspond to the effective gate voltage plus
10 mV (red curve), the effective gate voltage (green curve), and the
effective gate voltage minus 10 mV (blue curve). (inset) The -V sweep
curve of the SET part for cell voltage calculation.

In this configuration, the control of the channel via the gate
voltage is weakened because the voltage at both the drain
and the source node is nonzero. In other words, the transistor
exhibits the body effect and its transfer characteristics become
more complex [19]. In this article, only the calculation of the
intrinsic voltage of the VCM cell during the SET process is
discussed.

The intrinsic voltage of the VCM cell in the 1T1R structure
can be calculated based on the transistor load line concept,
as shown in Fig. 1(b) [19], [20]. Considering the VCM cell
as the load of the transistor, the intersection of the transistor
transfer characteristics and the load line is the operating
current of the ITIR structure. The abscissa of the intersection
equals Vrrser, and the difference between the x-intercept of
the load line and the abscissa of the operating current is the
intrinsic voltage value on the VCM cell. According to this
concept, the divided voltage over the transistor and the VCM
cell can be calculated if the respective transfer characteristic
curve and the actual current value of the transistor are known.
However, the transistor characteristics cannot be measured
after 1TIR integration. Therefore, it is necessary to estimate
them based on the measurements of single transistor structures.
In addition, the actual effective gate voltage in the 1TIR
structures often shows a minor deviation from the applied
voltage due to process or test conditions, which can cause
a large error in the calculation results.

The effective gate voltage can be determined by plotting
the SET current over the intrinsic voltage curve for the same
I-V sweep curve at different assumed gate voltages, as shown
in Fig. 1(c). The three solid curves in Fig. 1(c) depict the
current over the cell voltage calculated from the same I-V
sweep curve (shown in the inset) based on different transistor
transfer characteristics (dashed lines). Although all the three
curves exhibit snap-back shapes, it is generally accepted that
the voltage value corresponding to the green dashed line refers
to the effective gate voltage of the transistor [21]. This is
because the cell voltage should remain constant when the
transistor operates as current compliance after abrupt SET
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TABLE I
COMPACT MODEL PARAMETERS FOR THE HFOx DEVICES

Aget = 712 = 1.96-10° m?
Nisk, min, det = 0.0002:10%6 m™3
leen = 3 nm
lplug = 2.6 nm
Ryeries = 1.37 k2 (I = 0 pA)
Riine = 719 Q (I = 0 pA)

Fdet = 25 nm
Ndisk, max, det = Nplug = 201026 In_3
lget = 0.4 nm
a =0.25 nm
Rseries = 1.46 kQ (I =700 }J.A)
Riine = 810 £ (I = 700 pA)

Rriox = 650 Q AW = 1.1 eV
vy = 5-10'2 Hz pn = 4-10° m2/Vs
Runo, seT = 3-10% K/'W Runo, RESET = 1-106 K/W
edpno = 0.18 eV edn = 0.1 eV
Rin, line = 90471.47 K/IW Ry =719.24 Q
Qine = 3.92-107 1/K Cp=1-1014 J/K
e=1610" C T 293 K
A" =6.01-100 A/m2K? Vo = 2
kg = 1.38-102 J/K €0 = 8.854-1012 As/Vm
Epg = 5.5-80 g = 17-60

h = 6.626-103* Js m* =9.11-103" kg

occurred, rather than changing drastically as shown by the blue
and red solid curves. It should be noted that the gate voltage
corresponding to the blue and red dashed line differs from
the effective gate voltage by only 10 mV. This phenomenon
indicates that the effective gate voltage value obtained by this
method can accurately reflect the actual gate voltage of the
transistor in the 1T1R structures. In addition, it shows that a
minor deviation of the gate voltage can cause a huge error
in the calculation results of the cell voltage. The compen-
sation value of the gate voltage is defined as the difference
between the applied gate voltage and the effective gate volt-
age. By selecting different applied gate voltages for multiple
ITIR structures, the compensation value is found to remain
constant for the same structure. Different 1T1R structures have
different compensation values. Therefore, it is valid to use the
compensation values for the same 1TIR structure to calculate
the cell voltage for different gate voltages.

C. Simulation Model

For the simulations, we used the physics-based JART VCM
v1lb compact model which was shown to be able to describe
various filamentary VCM systems like ZrO, and HfO, [15],
[19], [22]. The device stack structure is approximated by the
model structure. The active electrode interface is modeled as a
Schottky diode with the SET direction current being described
via thermionic field emission and the RESET direction being
described by thermionic emission. The switching layer is split
into a disk region near the active electrode interface and a plug
region near the OE. The disk region has a variable resistance,
modulated by the concentration of oxygen vacancies Ngjg.
The plug region is represented as a constant resistance. The
OE and the resistances of the metal contact lines are modeled
as current-dependent resistances. All the model parameters are
detailed in Table II. For explanation of the physical meaning
behind the parameters, we refer the reader to [15].

The model version used for this article differs from the
version presented in [15] in two ways. On one hand, we have
added a dynamical temperature model which has also been
used by other VCM compact models [23], [24]. This dynam-
ical temperature model slows down the SET process as a
change in the device power is not instantaneously transferred
into a temperature change but rather with a thermal time
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Fig. 2. Multilevel |-V characteristics of 1T1R structures with (a) T-1,
(b) T-2, and (c) T-3.

constant made up of the thermal resistance Ry, and the thermal
capacitance Cy,. This first change is physically reasonable and
improves the numerical behavior of the model. The second
change is that the thermal resistance in the SET direction
is changed from a constant value to a function of Ngg as
shown in (1). This second change also reduces the abruptness
of the SET process and allows for better matching of the
ITIR characteristic as will be shown and further discussed
in Section V. For all the simulations shown here, the model
is only used as a deterministic model without variability
Naisk - (Rino,sET — Riho RESET)

R seT = Rino,SET — N N . (D
max — {VYmin

1. MULTILEVEL -V SWEEPS OF 1T1R STRUCTURES

Fig. 2(a)—(c) shows the multilevel I-V sweeps of three types
of 1TIR structures at a ramp rate of 1000 V/s. Three fixed
gate voltages for the SET process (Vgare,ser) are applied to
each type of structure to provide different current compliance
values (I..). There are five representative curves from a larger
measurement set in each I... The curves in each figure are
from one 1T1R structure and different cycles. The I-V sweeps
in Fig. 2(a) are from the 1TIR structure with T-1. The blue,
green, and red curves correspond to Vgargsgr of 1.2, 1.3,
and 1.4 V, respectively. Vgarereser is 5.0 V for all the
measurements. The transistor works as current compliance
after an abrupt SET occurred for all three /.. levels. It should
be noted that the 1TIR structure exhibits good linearity in
both high and low conductance states within a small voltage
range, which is critical for reading them in subsequent pulse
measurements. The maximum currents in both the SET and
RESET processes show good symmetry, which is in accor-
dance with the universal switching behavior reported in [25].

The I-V sweep curves shown in Fig. 2(b) and (c) are from
the 1TIR structures with T-2 and T-3, respectively. Vgare ser
in (b) is 2.0, 2.5, and 3.2 V, and in (c) is 2.0, 3.0, and 4.0 V.
Voare.reser equals the sum of the RESET stop voltage and
Viare.ser, Which is 3.7, 4.2, and 4.9 V in (a), and 3.8, 4.8, and
5.0 V in (b). The maximum operating voltage of the transistors
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Fig. 3. Multilevel SET current over intrinsic voltage characteristics of and red lines in Fig. 3(a)~(c), the intrinsic voltage remains

1T1R structures with (a) T-1, (b) T-2, and (c) T-3.

is 5.0 V. Compared with the previous results, these two types
of transistors deliver a smaller range of current. In addition,
only the blue curves in both the figures (Vgarg ser =2.0 V)
show a well-controlled I.. behavior. Whereas for the other two
groups of curves, the current values keep increasing after the
SET event until reaching I... These phenomena indicate that
the transistor continues to allow a larger current after the SET
event, causing the conductance of the VCM cell to increase
further. Overall, both the 1T1R structures in (b) and (c) show
good linearity at multilevel states and symmetric maximum
current levels. The maximum RESET current shown in the
red curves in (b) and (c) is smaller than the maximum SET
current. In both the sets of measurements, the gate voltage
during RESET was near or at the maximum voltage of the
transistor (5.0 V). Therefore, this exception is believed to be
related to the limited conduction level of the transistor.

To further analyze the influence of the transistor transfer
characteristics on the switching behavior of 1TIR struc-
tures, we calculated the voltage division of the transistor
and the VCM cell according to the load line concept (see
Section II-B). By subtracting the voltage drop over the tran-
sistor, the intrinsic /-V characteristics are derived from Fig. 2
and shown in Fig. 3. Here, only the branch in SET polarity
is shown (solid lines), since the applied calculation is only
valid in this regime. The corresponding transistor transfer
characteristics are drawn as dashed lines. Fig. 3 shows a
snap-back after the abrupt SET occurs, similar to the behavior
reported by Fantini et al. [21]. This is caused by a significant
reduction in the resistance of the VCM cell, whose intrinsic
voltage decreases significantly, while more of the applied
SET voltage is distributed to the transistor, allowing the
current to increase. After the snap-back occurred, the intrinsic
current—voltage characteristics of the 1T1R structures exhibit
two types of behavior. One type, as shown in the blue curves of
Fig. 3(a)—(c), is where the intrinsic voltage and current values
remain at a fixed area in the coordinates. This is because
as the applied SET voltage increases, the voltage dropped
to the VCM cell keeps constant, and the current is limited
by the transistor. In the other type, as shown by the green

approximately constant while the current continues to increase
until it reaches its maximum value. This indicates that the
transistor continues to allow the current increasing due to its
characteristics until the applied voltage reaches to maximum.

Based on the above observations, we found that the transfer
characteristic of the transistor not only determines the cur-
rent range but also influences the selection of the voltage
parameters, and ultimately makes a difference in the supply
of I... Since the VCM cells have a specific operating current
range, the choice of Vgargser and the SET voltage (Vsgr),
which determines the transistor dividing voltage, must be
carefully considered to match the electrical characteristics of
the transistor and the VCM cell.

IV. IMPACT OF TRANSISTOR CHARACTERISTICS AND
BIASING CONDITIONS ON 1T1R STRUCTURES

To better understand the evolution of the voltage distribution
during the SET process, we defined an SET algorithm as
shown in Fig. 4(a)—(c). The algorithm consists of two initial
preparation cycles, which end in a RESET condition, and
26 SET pulses. The SET pulses are 1-us long with constant
voltage. The amplitudes of the SET pulses (Vsgr) are 2.0 and
1.2 V for 1TIR structures with T-1 and T-2, while 1.8 and
1.2 V for those with T-3. During the SET process, a series of
gradually increasing Vgare ser is applied with values starting
at 0.8 V for all the transistors, while ending at 1.3 V for T-1,
3.3 V for T-2, and 4.8 V for T-3. Each SET pulse is followed
by a READ pulse with 0.2 V in the same polarity as the SET
voltage and 10-us pulsewidth. During readout, a high gate
voltage (Voare.reap) of 5.0 V is applied to ensure that the
channel is sufficiently conductive. Fig. 4(d) shows an example
of the current response corresponding to the applied voltage in
Fig. 4(a)—(c). This algorithm is executed 200 times on 1TIR
structures with each of the three transistor geometries.

Fig. 5(a) and (b) shows the statistics of the 200-cycle SET
algorithm test for 1TIR structures with T-1. Vgargser in this
experiment ranges from 0.8 to 1.3 V. The curves of Vig sgr and
the cell voltage (Vmem ser) are obtained based on the median
values of the SET current. Similar to a box plot, the darker
shade represents the voltage values calculated based on the
25th and 75th percentiles of the SET current, and the lighter
area is derived from the fifth and 95th percentiles of the SET
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Fig. 5. Statistics for 1T1R structures with T-1. Evolution of the extracted
Wmem,set and Vig set corresponding to the SET and READ currents
(gray lines) at Vet (a) 2.0 and (b) 1.2 V. (c) Comparison between SET
currents and transistor input characteristics. (d) Correlation among SET
currents (red lines), Vg seT, and transistor transfer characteristics (gray
lines).

current. Note that the wide area (95 percentile) may be not
an actual device cycle-to-cycle variability, but is derived from
the calculation. This is because Vg sgr obtained from the flat
saturation region of the transistor can have a relatively large
error. The area where the SET current is less than 5 ©A is
represented by the gray color on the left side of the figure. The
voltage plots within this range may not be analyzed because
the cell is not switched and the transistor is operated below
its threshold voltage Vi.

As shown in Fig. 5(a), the SET current (black solid line)
exhibits a nonlinear increase with Vgargsgr- The READ
current shows cycle-to-cycle variation, but its median (black
dashed line) gradually increases with Vgargser. In Fig. 5(b),
the amplitude of the SET current is overall lower than that in
(a), which is due to the smaller Vsgr. In addition, there are
some abruptly increased gray SET current curves for Vgare seT
between 1.0 and 1.1 V, indicating that a low Vgsgr shifts
the switching characteristics to the voltage-limited regime
and makes the SET process more probabilistic. Despite the
different Vgpr levels, Vimem.ser keeps constant at about 0.7 V.
Vser values mainly affect the voltage dropping over the
transistor, which is about 1.3 V in (a), but around 0.5 V
in (b). In other words, a high Vsgr puts more stress on the
transistor. Since the voltage shared by the transistor remains
constant during SET processes, the SET current of the 1TIR
structures coincides with the transistor input characteristics,
as shown in Fig. 5(c). This means that it is possible to
estimate the SET characteristics of 1TIR structures from the
transistor input characteristics. Fig. 5(d) shows the load line
curves of the transistor. The gray lines in the background
show the characteristics of transistors from different Vggr-level
experiments. The red lines (solid one for Vsgr 2.0 V, dashed
one for Vsgr 1.2 V) represent SET currents. Their surrounding
colored areas in the figure is derived in the same way as
in Fig. 5(a) and (b). It shows that for both Vsgr levels, the
transistors are always operating in the saturation regime and

Fig. 6. Statistics for 1T1R structures with T-2. Evolution of the extracted
Wmem,seT and Vigset corresponding to the SET and READ currents
(gray lines) at Vset (2) 2.0 and (b) 1.2 V. (c) Comparison between SET
currents and transistor input characteristics. (d) Correlation among SET
currents (red lines), Vg seT, and transistor transfer characteristics (gray
lines).

therefore can effectively suppress the current variability during
the SET process.

Fig. 6(a) and (b) shows the statistics of the 200-cycle SET
algorithm test for 1TIR structures with T-2. Vgargser in this
experiment ranges from 0.8 to 3.3 V. According to Fig. 6(a),
the gray SET current curves from each cycle largely overlap
with their median curve, and only show slight variation when
Veareser 1s increased to 3.3 V. However, in Fig. 6(b), the SET
current shows a significantly higher variability when Vgare ser
is at the middle range. Furthermore, the SET current range at
1.2 V Vggr is also significantly smaller than its counterpart at
Vser of 2.0 V. In terms of voltage distribution, the curves and
shaded areas in Fig. 6(a) are not smooth, which is attributed
to computational errors caused by the flatter saturation region
of the transistors with a W/L ratio of 1. Similarly, Vymem sgr in
both the cases is finally stabilized at about 0.7 V. Vsgr values
mainly affect the voltage drop over the transistor.

A comparison of the two sets of SET currents and transistor
input characteristics is shown in Fig. 6(c). The curves of the
SET currents overlap the input characteristics of the transis-
tors. Moreover, all these curves show linearity when Vgare ser
is larger than 2.0 V due to the wider range of gate voltages
applied to the transistor with a W/L ratio of 1. However, there
is a tradeoff in the range of applied gate voltages. According to
the transistor load line curves shown in Fig. 6(d), when Vggr is
2.0 V (solid red line), the operating region of the transistor is
initially in the saturation region, but gradually transitions to the
linear region as the gate voltage rises. This causes the current
regulation capability of the transistor to slowly decrease and
the variation in the SET current to increase. As a comparison,
when the applied Vsgr is 1.2 V (red dashed line), the transistor
operates purely in the linear region. This explains the higher
SET current variability and the much smaller SET current
range than its counterpart.

The statistics of the 200-cycle SET algorithm test for 1T1R
structures with T-3 are shown in Fig. 7(a) and (b). VGareser
in this experiment ranges from 0.8 to 4.8 V. According to
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Fig. 7. Statistics for 1T1R structures with T-3. Evolution of the extracted
Vmem,seT and Vig set corresponding to the SET and READ currents
(gray lines) at Vset (2) 1.8 and (b) 1.2 V. (c) Comparison between SET
currents and transistor input characteristics. (d) Correlation among SET
currents (red lines), Vg seT, and transistor transfer characteristics (gray
lines).

Fig. 7(a), the cycle-to-cycle variation in the SET current grad-
ually increases with increasing Vgare sgr, while this variation
becomes more obvious in (b). It should be noted that even
when Vggr is 1.8 V, the maximum SET current is still less
than 100 wA, while this value is less than 60 uA when Vsgr
is 1.2 V. This indicates that due to the transistor characteristics,
the current value of the VCM cell is limited to a small current
range throughout the SET pulse train. Therefore, the SET
behavior and the resulting conductance of the VCM cell might
be different from the other two types of 1TIR structures. First,
the cell voltage is higher, above 0.8 V. It is speculated that the
ITIR structures with T-3 require a higher voltage to drive the
SET process due to the limited transferred current. In addition,
as shown by the black dashed line in (a), the maximum read
current is at the middle of the pulse train after Vgargser of
around 3.2 V, and gradually decreases thereafter. This indicates
that unlike the other two transistor sizes, further increasing
the gate voltage of the transistor does not help reduce the
resistance of the VCM cell when a large Vgsgr is applied.
Another difference can be observed by comparing the SET
current and the transistor input characteristics as shown in
Fig. 7(c). For the data with Vsgr of 1.8 V, there is a visible
difference between two blue current curves when the Vgarg st
is higher than 3.5 V. From the load line plot in Fig. 7(d), for
the curve at Vggr of 1.8 V (solid red line), the operating region
of the transistor gradually shifts from the saturation region to
the linear region as the gate voltage is increased, resulting in
a decrease in current gain. This explains why the slope of the
SET current in Fig. 7(a) gradually becomes flatter as the gate
voltage rises above 3.5 V, as well as the deviation between
the blue current curves in Fig. 7(c). For the data with Vsgr of
1.2 V (red dashed line), the operating region of the transistor is
mainly in the linear region, which is less capable of controlling
the current compared with the saturation region. Therefore, the
current shows a larger variation during the SET process. The
simulation study of the bias conditions in the next section
does not cover this type of 1TIR structure due to the smaller

Fig. 8. (a) and (c) Simulation results for the 1T1R structure with T-1.
(b) and (d) Simulation results for the 1T1R structure with T-2. The fit
of the simulation results to the experimental load line curves is shown
in (a) and (b) as solid red and green lines. The experimental transistor
characteristics are shown in gray and blue and are taken from Figs. 5(d)
and 6(d). In (c) and (d), the update behavior and transistor working
regions are shown for the same SET algorithm as shown in Fig. 4 but at
different Vsgr.

conductance range and larger current variation which might
not be favorable for practical applications.

V. SIMULATION RESULTS

To gain a better understanding of the impact of different
transistors, we performed simulations to test the 1TIR struc-
tures under different working conditions. First, we verified that
the compact model we used, the JART VCM vl1b model, can
also describe the behavior of VCM cells in 1T1R structures.
For that purpose, we simulated the same SET algorithm as was
measured experimentally and plotted the simulation results of
the current at the end of each switching pulse on top of the
experimental results in Fig. 8(a) and (b) as red solid lines for
Vser = 1.2 V and as green solid lines for Vsgr = 2.0 V,
respectively. For the simulations of the 1TIR structure with
T-1 [Fig. 8(a) and (c)], the 1TIR structure was initialized with
a resistance of around 700 k<2 consistent with the experimental
range of 500-900 k2. To match the current level of the
experimental transistor at the end of the SET algorithm pulse
train, the maximum gate voltage was reduced from 1.3 V in
the experiment to 1.20 V for Vsgr = 2.0 V and to 1.18 V
for Vsgr = 1.2 V. This deviation can be explained by the
variability observed in the experiments, while the simulations
operate with deterministic models for the transistor and the
VCM cell. For T-2 transistor, the 1T1R structure was initial-
ized at 250 k€2, again consistent with the experimental range
of 230-270 k2. We also had to reduce the final gate voltage
levels to match the current at the end of the SET algorithm
from 3.3 V in the experiment to 3.00 V at Vsgr = 2.0 V and
to 2.95 V for Vsgr = 1.2 V. With these small modifications,
we can see a good agreement between the experiment and
simulation for the voltage division between the transistor and
VCM cell.

After we have verified that the SET algorithm exper-
iment can be modeled sufficiently well, we performed a
parameter study of Vsgr voltage to investigate its effect on the
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updating behavior. For this, Vsgr was varied between 0.5 and
2.0 V while all other parameters were kept constant. The
maximum gate voltage was chosen as 1.18 and 2.95 V in
Fig. 8(c) and (d), respectively, corresponding to the minimum
gate voltages from the above load line fitting. For identifi-
cation, we have given Vggr values that were used to fit the
VCM model as red and green solid lines. The conductance is
calculated based on the current flow during the read operations
between subsequent SET pulses which was performed at the
same voltage levels as in the experiment. In Fig. 8(c) and (d),
the color indicates the voltage difference from the current
operating point to the transition point between the saturation
and linear regions of the transistor. A positive voltage indicates
that the transistor is operating in the saturation region while
a negative voltage indicates that the transistor operates in the
linear region. A voltage of zero indicates that the transistor
is operating right at the transition between the linear region
and saturation region. Higher absolute values indicate that the
operating point is further away from the transition region,
i.e., the transistor is operating deep in the linear or saturation
region. For a better comparison between the results of the
two transistors, we have adapted the same color scale for both
the transistors. Initially, for both the cases the conductance
does not change for Vsgr < 1 V indicating that the VCM
cells stay in the HRS and do not switch. At higher Vsgr
voltages, the simulations in Fig. 8(c) and (d) show a clear
difference between the two transistors. The 1TIR structure
with T-1 shows a conductance change behavior that is almost
independent of Vsgr while the conductance evolution of the
ITIR structure with T-2 shows a strong dependence on
Vser voltage. For the second transistor, shown in Fig. 8(d),
a higher Vgsgr results in stronger switching, resulting in a
higher conductance at the same Vg sgr. The difference in
the conductance evolution behaviors can be explained by
the operation modes of the transistor, i.e., whether they are
operating more as a resistor in the linear region or more
as a current compliance in the saturation region. From the
color scale, it can be seen that T-1 operates exclusively in
the saturation region if any switching is observed, while T-2
changes from the saturation region to the linear region as
VGate.ser 18 increased. If the transistor operates as a current
compliance, it can adapt its resistance to keep the current flow
constant. Through this adaptation, the voltage divider between
the VCM cell and the transistor is kept such that the current
through the 1TIR structure does not change. This results
in the conductance evolution not depending on Vsgr. If the
transistor operates in the linear region, it behaves more like
an ohmic resistor which allows for higher current flows as Vsgr
is increased. This results in different conductance levels based
on Vser. The further the transistor operating point is inside
the linear region (indicated by a lower negative voltage on the
color bar), the more the transistor operates as an ohmic resistor.
On the opposite side, the higher the voltage on the colorbar,
the more the transistor behaves like a current compliance.

VI. DISCUSSION
In the SET algorithm, three types of ITIR structures
share one common feature—a relatively constant cell voltage.

The higher cell voltage shown in the ITIR structures with
T-3 may result from small current limitations. However, the
values (0.7-0.8 V) of the other two types of 1TIR structures
remained consistently higher than the ones calculated based
on the structure of VCM cell with a series resistor (around
0.4 V) [14], [26]. This difference can be explained by the SET
kinetics of the VCM cell [4]. Compared with the sweep rate
used in the voltage sweep (0.67 V/s), the frequency of voltage
in the pulse test used here is higher by more than six orders
of magnitude. Consequently, a larger cell voltage is required
to switch the VCM cell. Similar outcomes were reported by
Degraeve et al. [27] as well. Hence, the applied Vsgr of the
ITIR structure must be configured while taking into account
the pulse frequency to guarantee that the chosen voltage is
sufficient for the cell voltage. In this work, the minimum
Vser required for switching was investigated by simulation.
As shown in Fig. 8(c) and (d), the VCM cells do not switch,
regardless of Vgare ser value, when Vsgr is below a certain
threshold (1.0 V in both the cases).

Furthermore, a relationship between the bias conditions
(Vrrser and Vsgr) necessary for maintaining a transistor
operating in the saturation region can be deduced. According
to the transfer characteristics of the transistor, the applied
voltage must meet the subsequent conditions, Vg sgr >
Veare.ser — Vin. Vin is the transistor threshold voltage. For
ITIR structures, the voltage shared by the transistor is equal
to Vsgr minus the cell Voltage, VTR,SET = Vsgr — VMEM,SET-
In this article, we found that Vypm ser remained within a
specific range. Therefore, for the transistor to operate in
the saturation region, Vgareser and Vsgr must satisfy the
following relationship: VSET > VGATE,SET — Vth + VMEM.SET-
It follows that there is a lower limit to Vsgr for a given
Voarte,ser- For the transistor T-1 in the experiment, assuming
Vin of 0.8 V, the minimum Vsgt is 1.2 V when the maximum
Veare.ser is 1.3 V. Both the measured data and simulation
results in Fig. 8(a) and the parameter study of Vsgr in
Fig. 8(c) well demonstrate this concept. There certainly exists
an upper limit to Vsgr, determined by the power supply capa-
bility of peripheral circuits and the maximum voltage of the
transistor.

On the other hand, the transistors with different sizes allow
the ITIR structures to be operated within a considerably
distinct current range. A larger upper current limit permits
a higher conductance of the VCM cell at the same voltage
amplitude, thereby resulting in a greater read window for the
ITIR structures. According to Fig. 8(c) and (d), the transistor
T-1 has a larger conductance upper limit than its counterpart.
For the other two transistors, increasing the gate voltage is the
typical method for a larger current. However, as previously dis-
cussed, to achieve saturation region operation of the transistor
for a given Vggr, there is an upper limit to Vgarg ser. Increas-
ing Vgareser in exchange for high current can lead to the
transistor progressively operating in the linear region during
the SET process and not acting as current compliance, which
might weaken current control, decrease current gain, and even
diminish the SET effect. In addition, the transistor T-1 has
certain drawbacks. First, due to channel length modulation,
the transferred current of transistor T-1 in the saturation region
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keeps increasing while transistor T-2 shows flat characteristics
which is advantageous for current control. Second, transistor
T-1 is more sensitive to Vgare ser leading to a larger cycle-
to-cycle variability. Finally, transistor T-2 offers the option of
a wide range of Vgargsgr. allowing for enhanced linearity
of the SET process. For these reasons, tailoring transistors
with appropriate W/L ratios to meet the different requirements
of the actual application must be considered in the device
design.

VIlI. CONCLUSION

In this article, we investigated the effect of the transistor
transfer characteristics on the programming behavior of 1T1R
structures by calculating the intrinsic cell voltage in 1TIR
structures for different transistor sizes. The results indicate
that the intrinsic cell voltage remains constant during the
programming algorithm with fixed applied SET voltage. The
amplitude of the applied SET voltage determines the voltage
drop over the transistor. Therefore, the electrical behavior of
the transistor is determined by both the applied SET voltage
and the gate voltage. Transistors with a broad range of transfer
currents can operate within the saturation region during SET.
For transistors with a smaller current range, increasing the gate
voltage causes the switching path to move from the saturation
region to the linear region. This weakens the variability control
and hence the SET effect. Finally, we examined the correlation
between the transistor’s saturation state, bias conditions, and
size, along with the findings from the simulations based on the
JART VCM vl1b compact model. To optimize the design of
ITIR structures, we provided design rules for proper selection
of the transistor W/L ratio and the operation parameters so that
the SET event of the VCM cell overlaps with the transistor’s
saturation region.

REFERENCES
[1] P. Yao et al., “Face classification using electronic synapses,”
Nature Commun., vol. 8, no. 1, p.15199, May 2017, doi:

10.1038/ncomms15199.

[2] R. Dittmann and J. P. Strachan, “Redox-based memristive devices for
new computing paradigm,” APL Mater., vol. 7, no. 11, Nov. 2019,
Art. no. 110903.

[3] K. Moon et al.,, “RRAM-based synapse devices for neuromorphic
systems,” Faraday Discuss., vol. 213, pp. 421-451, Feb. 2019.

[4] F. Ciippers et al., “Exploiting the switching dynamics of HfO,-based
ReRAM devices for reliable analog memristive behavior,” APL Mater.,
vol. 7, no. 9, Sep. 2019, Art. no. 091105.

[5] E. Perez, A. Grossi, C. Zambelli, P. Olivo, R. Roelofs, and C. Wenger,
“Reduction of the cell-to-cell variability in Hf;_, Al O, based RRAM
arrays by using program algorithms,” IEEE Electron Device Lett.,
vol. 38, no. 2, pp. 175-178, Feb. 2017.

[6] V. Milo et al., “Accurate program/verify schemes of resistive switching
memory (RRAM) for in-memory neural network circuits,” IEEE Trans.
Electron Devices, vol. 68, no. 8, pp. 3832-3837, Aug. 2021, doi:
10.1109/TED.2021.3089995.

[7]1 A. Baroni et al., “An energy-efficient in-memory computing architecture
for survival data analysis based on resistive switching memories,”
Frontiers Neurosci., vol. 16, pp. 932270-1-932270-16, Aug. 2022.

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

(16]

[17]

(18]

[19]

[20]

[21]

[22]

[23]

[24]

[25]

[26]

[27]

L. Gao, P. Chen, and S. Yu, “Programming protocol optimization
for analog weight tuning in resistive memories,” IEEE Electron
Device Lett., vol. 36, no. 11, pp. 1157-1159, Nov. 2015, doi:
10.1109/LED.2015.2481819.

E. Perez, M. K. Mahadevaiah, E. P. Quesada, and C. Wenger, “Variability
and energy consumption tradeoffs in multilevel programming of RRAM
arrays,” IEEE Trans. Electron Devices, vol. 68, no. 6, pp. 2693-2698,
Jun. 2021, doi: 10.1109/TED.2021.3072868.

V. Milo et al., “Multilevel HfO2-based RRAM devices for low-power
neuromorphic networks,” APL Mater., vol. 7, no. 8, pp. 1-10, Aug. 2019.
A. M. S. Tosson, S. Yu, M. H. Anis, and L. Wei, “Proposing a solution
for single-event upset in 1”TIR RRAM memory arrays,” [EEE Trans.
Nucl. Sci., vol. 65, no. 6, pp. 1239-1247, Jun. 2018.

P. Chen and S. Yu, “Compact modeling of RRAM devices and
its applications in 1TIR and 1SI1R array design,” IEEE Trans.
Electron Devices, vol. 62, no. 12, pp. 4022-4028, Dec. 2015, doi:
10.1109/TED.2015.2492421.

S. Wiefels et al., “Reset kinetics of 28 nm integrated ReRAM,” in Proc.
IEEE Int. Integr. Rel. Workshop (IIRW), Oct. 2023.

A. Hardtdegen, C. La Torre, F. Ciippers, S. Menzel, R. Waser, and
S. Hoffmann-Eifert, “Improved switching stability and the effect of an
internal series resistor in HfO,/TiO, bilayer ReRAM cells,” IEEE Trans.
Electron Devices, vol. 65, no. 8, pp. 3229-3236, Aug. 2018.

C. Bengel et al., “Variability-aware modeling of filamentary oxide-based
bipolar resistive switching cells using SPICE level compact models,”
IEEE Trans. Circuits Syst. I, Reg. Papers, vol. 67, no. 12, pp. 4618-4630,
Dec. 2020.

C. Bengel et al., “Utilizing the switching stochasticity of HfO,/TiOy-
based ReRAM devices and the concept of multiple device synapses for
the classification of overlapping and noisy patterns,” Frontiers Neurosci.,
vol. 15, p. 621, Jun. 2021.

S. M. Sze and K. K. Ng, Physics of Semiconductor Devices, 3rd ed.
Hoboken, NJ, USA: Wiley, 2007.

S. Wiefels, X. Liu, K. Schnieders, M. Schumacher, R. Waser, and
L. Nielen, “Advanced electrical characterization of memristive arrays
for neuromorphic applications,” in Proc. IEEE Int. Conf. Metrol.
eXtended Reality, Artif. Intell. Neural Eng. (MetroXRAINE), Oct. 2023,
pp- 1069-1074.

C. Bengel et al., “Tailor-made synaptic dynamics based on memristive
devices,” Frontiers Electron. Mater., vol. 3, pp. 1061269-1-1061269-26,
Jan. 2023.

T. Hennen, E. Wichmann, R. Waser, D. J. Wouters, and D. Bedau,
“Stabilizing amplifier with a programmable load line for characterization
of nanodevices with negative differential resistance,” Rev. Sci. Instrum.,
vol. 93, no. 2, pp. 024705-1-024705-5, Feb. 2022.

A. Fantini et al., “Intrinsic switching behavior in HfO, RRAM by fast
electrical measurements on novel 2R test structures,” in Proc. 4th IEEE
Int. Memory Workshop, May 2012, pp. 1-4.

Juelich Aachen Resistive Switching Tools (JART), document IWE 2,
RWTH Aachen, Aachen, Germany, 2019.

T. Zanotti, P. Pavan, and F. M. Puglisi, “Comprehensive physics-based
RRAM compact model including the effect of variability and multi-
level random telegraph noise,” Microelectronic Eng., vol. 266, Oct. 2022,
Art. no. 111886.

F. Vaccaro, S. Brivio, S. Perotto, A. G. Mauri, and S. Spiga, “Physics-
based compact modelling of the analog dynamics of HfO, resistive
memories,” Neuromorphic Comput. Eng., vol. 2, no. 2, Jun. 2022,
Art. no. 021003.

D. Ielmini and S. Menzel, “Universal switching behavior,” in Resistive
Switching: From Fundamentals of Nanoionic Redox Processes To Mem-
ristive Device Applications, 1st ed. Hoboken, NJ, USA: Wiley, 2016,
ch. 11, pp. 317-340.

A. Hardtdegen et al., “Internal cell resistance as the origin of abrupt reset
behavior in HfO,-based devices determined from current compliance
series,” in Proc. IEEE 8th Int. Memory Workshop (IMW), May 2016,
pp. 1-4.

R. Degraeve et al., “Modeling RRAM set/reset statistics resulting in
guidelines for optimized operation,” in Proc. Symp. VLSI Technol.,
Jun. 2013, pp. T98-T99.


http://dx.doi.org/10.1038/ncomms15199
http://dx.doi.org/10.1109/TED.2021.3089995
http://dx.doi.org/10.1109/LED.2015.2481819
http://dx.doi.org/10.1109/TED.2021.3072868
http://dx.doi.org/10.1109/TED.2015.2492421

