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ABSTRACT

To enable compact quantum computing systems, cryogenically compatible CMOS-based non-volatile memories are required.
In this work, we investigate 1-transistor-1-resistor (1T1R) resistive random-access memory (RRAM) devices over an extended
temperature range, including previously unexplored cryogenic regimes. To enhance storage density, we explore a multilevel-
cell approach via multilevel programming. As temperature decreases, the low-resistance state (LRS) effective conductance
increases, improving state separation but also leading to higher LRS currents and increased reset voltages required for reliable
switching to the high-resistance state (HRS), resulting in incomplete filament rupture and a broader HRS distribution. Through
independent characterization of the access nMOS transistor, we identify transistor temperature dependence as the dominant
factor governing LRS evolution, while extraction of the intrinsic metal-insulator-metal (MIM) behavior reveals an opposite trend,
with decreasing conductivity at lower temperatures. Based on these insights, we implement an optimized programming strategy
for cryogenic operation by tuning the nMOS gate bias during set, reducing LRS currents, particularly in intermediate and high
conductance states, while preserving state separation, narrowing the HRS distribution, and lowering reset voltages. Overall, this
work establishes a robust and scalable approach for reliable 1T1R operation at cryogenic temperatures and provides a key step
toward nonvolatile memory integration in quantum computing architectures.

Abbreviations: 1T1R, 1-Transistor-1-Resistor; ALD, Atomic layer deposition; ANN, Artificial neural network; BEOL, Back-end-of-line; BL, Bit line; CF,

Conductive filament; CMOS, Complementary metal-oxide-semiconductor; ELT, Enclosed layout transistor; ESD, Electrostatic discharge; HRS, High-resistance state; IMC,
In-memory computing; KDE, Kernel density estimation; LRS, Low-resistance state; MIM, Metal-insulator-metal; MLC, Multilevel cell; NISQ, Noisy

intermediate-scale quantum; NVM, Nonvolatile memory; PDF, Probability density function; RRAM, Resistive random-access memory; SCLC,

Space-charge-limited conduction; SL, Source line; SMU, Source-measure unit; TE, Top electrode; TMA, Trimethylaluminum; WL, Word line; IQR, Interquartil range.
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1 | Introduction

The growing interest in quantum computing is driving transfor-
mative advancements across multiple scientific and technological
domains. This novel approach leverages the principles of quan-
tum mechanics, such as superposition and entanglement, to
process information, potentially revolutionizing fields such as
material science, drug discovery, and climate modeling. How-
ever, while near-term quantum computers currently operating
in the noisy intermediate-scale quantum (NISQ) era [1] have
demonstrated greater efficiency than classical computers for
specific tasks [2], they cannot yet perform complex computations
independently due to their noise levels, limited qubit counts, and
short coherence times. Thus, hybrid classical-quantum solutions
arise to combine the strengths of both computational frameworks
to solve complex problems [3-5]. That is, quantum computers
are proficient at solving specific tasks related to optimization,
cryptography, and molecular simulations, whereas classical com-
puters are well-suited for general-purpose computation, robust
data storage, and error correction.

This hybrid approach demands efficient complementary metal—-
oxide-semiconductor (CMOS)-based circuits to bridge the clas-
sical domain, where most of the information is processed
and errors are corrected, and the quantum domain, where
the qubits reside. These circuits typically operate at room
temperature (300 K), whereas the qubits are maintained at
near-absolute zero temperatures and are commonly controlled
individually using high-density cryogenic flex I/O wiring across
a wide temperature gradient [2, 6]. Each qubit requires precise
tuning and recalibration to tune them into a good operat-
ing regime, a process that can take up to 3 h per device
when done manually, adding significant complexity and cabling
overhead [7-9].

To address crucial challenges in quantum chemistry or code-
breaking, current estimates suggest that the number of required
physical qubits lies in the range of 10°-10%, based on existing
quantum algorithms and error correction techniques [10, 11].
Given these constraints, scalability remains one of the major
hurdles in quantum computing, as individual and manual qubit
control becomes impractical at scale. Furthermore, as the num-
ber of qubits increases, so do challenges such as error rates,
decoherence, and connectivity, making the development of large,
fault-tolerant systems increasingly difficult.

Bringing memory and processing units closer to the qubits,
ideally within the same cryogenic environment, would help
mitigate data transfer bottlenecks, reduce computational power
consumption, and enable on-chip control of large-scale qubit
arrays, improving the scalability of quantum computers. In-
memory computing (IMC) emerges as a particularly well-suited
solution for this challenge [12]. Inspired by the brain’s archi-
tecture, IMC overcomes the energy inefficiencies of classical
systems caused by costly data transfers between physically
separate memory and processor units. By leveraging emerging
nonvolatile memories (NVMs), the IMC paradigm enables in situ
computing, performing operations directly within memory arrays
and reducing the data volume exchanged between cryogenic
qubits and room-temperature processors [13]. Among emerging
NVM technologies, HfO,-based resistive random-access memory

(RRAM) stands out due to its fast switching (< 10 ns), long
retention (> 10 years), large endurance (> 10'? operations),
CMOS compatibility, and small footprint [14]. In contrast to other
memory technologies, its nonvolatile operation eliminates the
need for refresh cycles, significantly reducing standby power
consumption, while its low switching energy and simple two-
terminal structure enable dense integration with reduced thermal
budget. These features make RRAM particularly attractive for
cryogenic and quantum-compatible hardware, where strict con-
straints on power dissipation, proximity to qubits, and system
scalability must be met. The widely adopted 1-transistor-1-resistor
(ITIR) structure enhances RRAM performance by suppressing
sneak-path currents and improving access control [15, 16], while
multilevel-cell (MLC) operation allows multiple bits per cell
storage, boosting potential for AI acceleration and memory
integration [17]. We have previously demonstrated the capability
of IHP’s RRAM for storing multiple bits per cell via the MLC
approach [16, 17] and their suitability for IMC tasks, including
efficient vector-matrix multiplications [18, 19], a key operation in
Al models.

RRAM-based IMC techniques are especially promising for
hardware-based automatic qubit tuning performed near the
physical qubits, enabling fast, localized decision-making with
minimal latency [20]. Demonstrations of machine learning tech-
niques for charge autotuning in quantum dots are provided
by Czischek et al. [21], who explored compact feed-forward
neural network architectures that are simple enough to be
realistically implemented in memristor crossbar arrays, making
them a promising candidate for on-chip artificial neural network
(ANN) applications. Furthermore, Yon et al. [22, 23] propose
integrating their automatic calibration method, based on pattern
recognition in stability diagrams, near the quantum dots at the 4K
stage of the cryogenic environment, and transferring the trained
ANN to cryo-compatible hardware such as arrays of memristive
devices.

State-of-the-art CMOS memories and non-superconducting
memories in general are typically deployed at higher
temperatures (77 -120 K) to balance integration and operability
costs [24, 25]. Prior demonstrations of HfO,-based RRAM
switching at cryogenic temperatures support the integration of
RRAM-based memory modules at even lower cryostat stages,
closer to the quantum devices [26, 27]. For instance, Ram et al.
[28] demonstrated that operating RRAM devices at 77 K strongly
suppresses read noise and enhances the analog dynamic range by
more than an order of magnitude, owing to reduced stochasticity
and improved heat confinement in the conductive metal oxide
layer. However, achieving bi-level resistance switching at
even lower temperatures, such as 4 K, has been reported in
only a few studies [28-30]. Although these studies contribute
significantly, a comprehensive understanding of device behavior
at near-zero temperatures remains to be established, leaving
important challenges in ensuring consistent device performance
at qubit-relevant temperatures.

In our previous work, we demonstrated for the first time the form-
ing and resistive switching of CMOS-compatible RRAM devices
at 1.45 K [31], establishing a new operative temperature limit for
HfO,-based RRAMs in standard 130 nm CMOS technology. That
study primarily focused on a proof-of-concept demonstration
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FIGURE 1 | (a) Cryogenic setup used to characterize the RRAM devices under study, (b) RRAM array containing a total of 32 1T1R devices
individually addressable, and (c) schematic description of the forming, set, and reset operations carried out during this work.

using a limited dataset and devices based on thicker, undoped
HfO, layers. In contrast, the present work investigates a new
generation of devices employing 5% Al-doped HfO, [17], which
exhibit significantly improved performance, including reduced
variability and enhanced switching stability at both room and
cryogenic temperatures. In addition, the experimental scope
has been substantially expanded by increasing the number of
devices under test and the number of switching cycles per
device, enabling a more statistically meaningful evaluation of
device behavior.

Building on this, we perform a comprehensive and systematic
analysis of temperature-dependent resistive switching across a
wide range from 300 K down to 1.5 K. Measurements are carried
out at 10 distinct temperature points, allowing a quantitative
assessment of the evolution of multilevel resistance states, com-
plemented by dedicated resistive state evolution experiments
over 20 intermediate temperature steps. This work further
includes a deeper and more statistically robust investigation of
the underlying conduction mechanisms of the metal-insulator—
metal (MIM) stack, reinforcing and extending the findings of
the previous study. Overall, the present manuscript provides
a significantly broader and more detailed perspective on 1TIR
operation under cryogenic conditions, highlighting the dominant
role of transistor-related effects in limiting performance and
guiding the optimization of programming strategies at ultra-
low temperatures.

2 | Methods

In this section, we provide a detailed description of the methods
employed to obtain the results presented above. We begin with
the fabrication and structure of the samples, followed by the
initialization procedure of the 1T1R devices. Finally, we describe
the experimental setup used to cool down the devices under test
and to carry out the electrical characterization.

2.1 | Device Fabrication and Structure

The RRAM devices investigated in this work feature a 1TIR
configuration fabricated on 200 mm wafers using IHP’s 130 nm

BiCMOS technology node [32]. Each cell integrates an n-channel
enclosed layout transistor (ELT) with equivalent dimensions
W =8 um and L = 0.66 um connected in series with a MIM
stack with 600 x 600 nm? area, located between metal layers 2 and
3 in the back-end-of-line (BEOL) process. The bottom electrode
of the MIM structure consists of a 150 nm TiN layer deposited
by magnetron sputtering. The insulator layer is then deposited
by atomic layer deposition (ALD) and consists of a 4 nm-thick
Hf,_,Al,O, with Al doping level of 5%. This is achieved by co-
depositing HfO, and AL O; in a controlled manner: a single
trimethylaluminum (TMA) pulse is introduced after every 5 ALD
cycles of HfO, to obtain 5% doping. The incorporation of Al into
HfO, has been shown to improve device performance, yielding
higher forming efficiency, reduced variability, and enhanced
endurance and retention characteristics. The selected Al con-
centration of 5% represents a trade-off between performance
and process complexity, as previous studies [17] investigating
higher doping levels (e.g., 7%) did not demonstrate significant
additional improvements.

The RRAM structures are arranged in a 9 x4 array, where
the 1TIR configuration allows for individual cell selection and
precise control of the compliance current through the gate
voltage (V), which is essential for reliable MLC operation since
it governs filament formation and thus the reproducibility of
intermediate resistance states. To enable characterization of the
access transistor response at cryogenic temperatures, the last row
of the arrays was intentionally left without MIM structures. To
minimize temperature-related effects introduced by additional
components, the array was fabricated without peripheral cir-
cuitry. As aresult, the bit lines (BLs), word lines (WLs), and source
lines (SLs) are directly routed to external pads (see Figure 1b). For
clarity, we denote the voltage applied to the individual 1T1R cell as
Vi, the voltage applied to the TE through the addressed BL, Vg as
the voltage applied to the source terminal through the addressed
SL, and V; as the voltage applied to the gate terminal through
the corresponding WL. To protect the thin insulating layer of
the MIM structures from electrostatic discharge (ESD) damage,
anti-ESD diodes were incorporated into each pad connection.
The arrays were then diced and bonded onto an LCC-44 sample
carrier, which was subsequently mounted on the sample probe
and loaded into an Oxford Instruments TeslatronPT system (see
Figure 1a).
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TABLE 1 | Electrical parameters used to characterize the I-V response of the RRAM devices under study.

Operation Ve (step) (V) Vs (step) (V) V¢ (step) (V) V - optimized (V)
I-V transistor 0.0-3.0 (0.01) 0.0 0.0-3.0 (0.1) —
Forming 0.0-3.0 (0.01) 0.0 1.4 1.3

Reset 0.0 0.0-1.5 (0.01) 33 33

Set 0.0-1.5 (0.01) 0.0 1.4 1.3

MLC 0.0-1.5 (0.01) 0.0 1.2,1.4,1.6 1.2,1.3,15

Note: The optimized parameters make reference to the V; adjustment to improve the stability of the resistive switching at cryogenic temperature.

2.2 | Device Initialization and Resistive Switching
Protocol

We enabled resistance switching in the RRAM devices by per-
forming the forming operation, which consisted of a voltage
ramp applied to the BL terminal of the addressed device while
simultaneously biasing the corresponding WL terminal. This
process triggered a soft electrical breakdown, driving oxygen
ions out of the HfAIO, layer and forming an oxygen-vacancy-
based conductive filament (CF), thus switching the device to
the LRS.

This was followed by the first reset operation, where a voltage
ramp was applied to the SL terminal of the addressed device.
The corresponding WL terminal was set to its maximum nominal
value (3.3 V) to allow maximum current flow through the cell,
disrupting the CF and switching the device to the HRS [33].

The set operation reverses this process by applying a voltage
ramp to the BL terminal of the addressed device, re-establishing
the CF, and returning the device to the LRS. By tuning the WL
voltage bias during this operation, an MLC approach is enabled:
different compliance limits imposed by the nMOS transistor set
the RRAM devices into distinct LRS levels. The higher the voltage
bias applied to the transistor gate via the WL terminal, the
more conductive the resulting LRS, due to the different current
compliance levels imposed by the transistor. The RRAM electrical
characterization was conducted applying positive voltage sweeps
with a voltage ramp rate of 300 mV s™.. The electrical parameters
are summarized in Table 1 and schematically illustrated in
Figure 1c.

2.3 | Experimental Conditions and
Instrumentation

For the temperature-dependent resistive switching tests, mea-
surements were conducted at 10 temperature points ranging from
300 K down to 1.5 K, following a logarithmic distribution within
the operational range of the TeslatronPT cryogenic measurement
system (Oxford Instruments). For the readout characterization,
20 temperature steps were selected using the same logarithmic
spacing approach.

Electrical characterization was performed using a two-channel
Keysight B2902B source-measure unit (SMU), a Keithley 2230g-
30-1 power supply, and a Keysight 34980A switching matrix to
individually address RRAM devices within the array.

3 | Results

The primary objective of the electrical characterization conducted
in this work is to evaluate and optimize MLC RRAM operations
at cryogenic temperatures previously unexplored with this type
of memory technology. This study lays the groundwork for
the development of cryogenically compatible NVM modules,
which are essential for applications such as compact quantum
computing systems, especially given the current lack of reliable
memory technologies suitable for such environments [25]. First,
we investigated the temperature effects on 1T1R switching opera-
tions and how the nMOS transistor influences the programmed
resistance state. This is followed by an investigation isolating
the intrinsic temperature dependence of the MIM resistance,
performed by measuring the programmed devices during con-
trolled temperature steps with minimal disturbance to their
resistance states. Together, these tests provide a comprehensive
understanding of how temperature affects both the transistor
and the resistive switching elements within the 1T1R structure,
enabling the implementation of an optimized switching protocol
for cryogenic operation by adjusting the nMOS gate voltage
during the set process.

3.1 | Temperature Effects on 1T1R Switching

We initially performed a comprehensive electrical characteriza-
tion over a temperature range from 300 K down to 1.5 K to
evaluate the MLC performance of the 1T1R cells under cryogenic
conditions. A total of 15 RRAM devices were first initialized (i.e.,
formed, reset, and set) at 300 K and subsequently cycled 10 times
in each of the three LRS levels (V; = 1.2, 1.4, 1.6 V). Following
this, we began the temperature descent, executing 10 MLC cycles
at each temperature point according to the logarithmic grading
shown in Figure 2a. Figure 2b-d displays the median I-V response
at each temperature point, calculated from the 10 MLC cycles
across all devices under test. Figures 3a,b,c, and 3d depict the box
plot representation of the main figures of merit extracted from
each I-V curve obtained at each temperature step, namely LRS
(I gs) and HRS (Igs) current values measured at Vi = 0.2V,
and set and reset switching voltages, respectively.

The measured LRS current values shown in Figure 3a reveal
that the separation between resistance states achieved through
the MLC approach becomes more pronounced at cryogenic
temperatures. Specifically, the conductivity of LRS2 and LRS3
gradually increases as the temperature decreases from 300 K
down to 92.4 K, after which it stabilizes. In contrast, a slight
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voltages.

decrease in the conductivity of LRS1 is observed at temperatures
below 51.3 K. As discussed in our previous work [31], the current
drift observed at low temperatures may be attributed to variations
in the current compliance limit imposed by the nMOS transistor
during the set operation in the 1T1R structure, which change with
decreasing temperature. In this work, as further discussed below,
the cause of the observed LRS current drifts in the 1T1R structures
across the temperature range is consistent with previous reports.
However, a deeper understanding of the nMOS response within
this temperature window is required to quantify its influence
on the overall 1T1R behavior. Figure 3b shows the HRS current

obtained after resetting the 1T1R cells from the different LRS
states. The I}z distribution following reset from LRS3 broadens
as the temperature decreases, reaching its highest median values
at 1.5 K. In contrast, the I distributions for LRS1 and LRS2
remain narrow and stable across all temperature steps.

Concerning the switching voltages, the set voltage (Figure 3c)
gradually increases as the temperature decreases, stabilizing at
51.3 K regardless of the target LRS. Similarly, the reset voltage
increases with decreasing temperature (Figure 3d), reaching
a stable value at 92.4 K. The reset voltage depends on the
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programmed LRS, with higher LRS levels requiring larger reset
voltages [34]. This effect is most pronounced during the transition
from LRS3 to HRS at cryogenic temperatures. The associated
increase in reset voltage likely explains the observed decrease
in HRS effective conductance, which can be attributed to an
incomplete reset process that leaves a partially formed filament.

To more accurately represent the statistical distribution of I}z
and Iz shown in Figure 3a,b, Figure 4 presents their kernel den-
sity estimation (KDE), providing a smooth empirical probability
density function (PDF) based on all sample points and following
the color scheme used in Figure 2. Unlike histograms, whose
shape is sensitive to the subjective choice of binning parameters,
KDE avoids discretization artifacts, and it is particularly advan-
tageous here since not all the distributions necessarily follow a
Gaussian profile [35]. Figure 4a-c show the I¢ distributions
obtained after resetting the 1TIR devices from LRSI, LRS2, and
LRS3, respectively. In particular, Figure 4a,b exhibits narrow
HRS current distributions, indicating successful and uniform
reset operations from LRS1 and LRS2. In contrast, the broader
and smoother I;¢ distribution in Figure 4c, corresponding to
reset transitions from LRS3 at lower temperatures, suggests the
occurrence of incomplete reset, as noted above. This behavior is
attributed to the higher LRS3 currents at low temperature, which
hinder the complete rupture of the conductive filament during
reset. This interpretation is also consistent with previous reports
in the literature, where a broader HRS distribution following
reset from highly conductive LRS states (e.g., LRS3) has been
attributed to increased filament robustness and stochastic partial
rupture processes during reset, leading to residual or narrowed
conductive paths and enhanced device-to-device variability [36,

37]. Finally, Figure 4d displays the KDE of the LRS states,
confirming the shift toward higher current values for LRS2 and
LRS3, while LRSI instead shifts toward lower current values.

In the 1TIR structure, the shift in the nMOS characteristics
directly affects the final LRS programmed state, as the set
transition depends on the compliance limit imposed by the
transistor [31]. The observed LRS current drifts align with the
effective conductance variations measured in individual nMOS
transistors at cryogenic temperatures, as shown in Figure 5a-c.
At V; =1.2V, the saturation current decreases with temperature,
stabilizing below 92.4 K, which explains the shift of LRS1 toward
lower current values. In contrast, at V; = 1.4 and 1.6 V, the
saturation current surpasses its nominal value below 92.4 K,
accounting for the increased conductivity observed in LRS2 and
LRS3 (see Figures 3a and 4d). This phenomenon occurs because
the reduction in lattice vibrations (phonons) leads to fewer col-
lisions (scattering), which in turn significantly increases charge
carrier mobility. Nevertheless, when the transistor operates at
Vs =12V, that is, in the weak inversion regime, this mobility
enhancement is masked by the freeze-out of thermally activated
carriers, leading to a drop in the compliance current [38].

Additionally, Figure 5d shows the transistor transconductance
response, revealing a steeper slope and a higher threshold voltage
for temperatures under 92.4 K [39], which lead to the current
drop reported in Figure 5a. Below this temperature point the
curves overlap. As reported in our previous cryogenic tests [31],
this threshold voltage increase at low temperatures reduces the
available current budget for low gate biases, thereby preventing
the reliable implementation of a fourth LRSor LRSOatV; =1.0V.
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(a)1.2V, (b) 1.4V, and (c) 1.6 V. (d) Corresponding transistor transconductance response. All sub-figures follow the same color grading displayed in the

legend.

For all V; values, the transistor kink effect [40] emerges at 28.5 K
and becomes more pronounced at lower temperatures. This effect
manifests as a sudden increase in transistor current when the
drain-to-source voltage exceeds 1.75, 2.0, and 2.75 V for V; values
of 1.2, 1.4, and 1.6 V, respectively, playing a major role during the
forming operation at cryogenic temperatures (which is beyond
the scope of this study).

3.2 | Temperature Effects on 1T1R Conduction
Mechanisms

The resistance switching study carried out in 1T1R structures
reveals that the programmed resistance state is strongly influ-
enced by the nMOS characteristics at the given test temperature,
which can mask intrinsic temperature-related effects on the
conduction of the MIM structure. To isolate and analyze the
dominant conduction mechanisms in a static regime along the
cryogenic range under study, we programmed individual 1T1R
devices into various LRS and HRS states at room temperature
and subsequently cooled the samples down through a series of
defined temperature steps. At each step, consecutive readout
operations were performed using a sufficiently low readout
voltage to avoid disturbing the programmed resistance state of
the MIM structure throughout the experiment. This approach
enables direct extraction of the MIM resistance (R,,) as a
function of temperature in static regime, allowing us to clearly
observe how temperature affects the intrinsic conductivity of the
MIM layer independently from the transistor behavior.

At room temperature, sixteen 1T1R structures were programmed,
four for each resistance level (HRS, LRS1, LRS2, and LRS3),

by setting V; to 1.2, 1.4, and 1.6 V during the set operation to
achieve the desired LRS states. Consecutive readout operations
at different temperatures were executed by setting V; =1.4 V and
sweeping V; from 0 to 0.3 V in steps of 0.01 V. The temperature
was varied from 300 K down to 1.5 K in 20 logarithmically
spaced steps.

Figure 6a illustrates the resistance measured over the set of ITIR
structures (R,rz) at each temperature step for V;; = 0.2 V. It can
be observed that the resistance of all the LRS levels gradually
decreases as the temperature is lowered, reaching minimum
values at 98.3 K. A smooth increase of R,;;; is observed at
temperatures below this point, stabilizing at 42.6 K, where the
measured resistance remains relatively constant down to 1.5 K.
Concerning HRS, no major fluctuations are observed along the
temperature grading.

Additionally, in purple, we show the equivalent resistance
measured from isolated nMOS transistors, facilitating an easy
comparison of the temperature-dependent trends between the
1TIR structures and the nMOS devices. Notably, the nMOS
resistance at the readout conditions, ithat is, V;; = 0.2 V and
Vs =14V, follows a similar trend to that observed in the 1TIR
measurements for LRSI, LRS2, and LRS3: a gradual decrease
in the resistance with minimum values at 98.3 K, followed by
a smooth increase until 42.6 K, after which a stable response
is obtained.

Figure 6b represents the nodes within the 1T1R structure taken
into account to derive Ry, at the various temperature points
based on the current values measured in Figure 6a. Using the
isolated nMOS measurements, the transistor resistance at each
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measurement point was estimated using the derivative method,
that is, computing Rps = AV s /Al from the slope of the Ip,s-
Vps curve, since the applied drain-to-source voltage range lies
within the linear region of the transistor operation. Subsequently,
we estimated the MIM resistance at each temperature step for
each V,rz point applied to the 1T1R structure during the test.
Figure 6¢c shows the median MIM resistance derived from all 1ITIR
measurements per level at each temperature point. Although
decrease in the 1T1R resistance is observed (Figure 6a), the MIM
resistance continues to increase as the temperature is reduced
because thermal activation mechanisms that assist carrier trans-
port in the oxide become progressively suppressed, leaving fewer
available conduction paths and increasing the effective barrier
for charge transport. Ram et al. [28] observe a similar trend in
HfO,-based RRAM devices when cooled down to 4 K.

A deeper understanding of the conduction mechanisms govern-
ing the MIM stack may explain the experimental observation
that a reduction in temperature results in an increase in MIM
resistance. Based on previous studies [31, 41], it can be concluded
that under cryogenic conditions the dominant conduction mech-
anisms in this technology are space-charge-limited conduction
(SCLC) and Schottky emission [42, 43]. Figure 7a schematically
illustrates the typical I-V characteristics expected for the SCLC
mechanism, where three distinct regions can be identified: a
linear region (I < V) when the applied voltage is below the
transition voltage (V,,), and two quadratic regions (I « V?) for

voltage levels below and above the trap-filled limit voltage (V).
This behavior can also be observed in Figure 7b-e, where the
quadratic and linear regions (insets) are depicted for HRS, LRSI,
LRS2, and LRS3, respectively.

For the experimental curves, several additional observations can
be highlighted. First, the linear region of the I-V characteristics
does not exhibit a strong dependence on cryogenic temperature,
and consequently V;, does not shift with temperature for a given
resistance state. However, when comparing across resistance
levels, V,, shifts toward lower values for more conductive states.
Second, the quadratic region is observed in all levelsonce V >V,
with temperature influencing the slope of the curve. This effect
becomes more pronounced the more conductive the resistance
state is. Finally, the V;; threshold increases as the temperature
decreases and, in parallel, shifts towards lower values for more
conductive resistance states. In other words, at lower tempera-
tures the transition from the trap-limited regime to the trap-free
SCLC regime occurs at higher voltages, implying that the device
maintains a higher resistance since the current jump is delayed to
larger applied voltages.

A brief analysis of the temperature-dependent transport mecha-
nisms indicates that the experimental data are consistent with a
Schottky emission process. This trend was already suggested in
our preliminary work [31] and is now further confirmed through
an expanded dataset including a larger number of temperature
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points. Although the detailed fitting plots are not explicitly shown
in this manuscript, the underlying analysis consistently reveals
this behavior across the full measurement set. In contrast, the
Poole-Frenkel model does not show a consistent linear behavior
across the investigated bias and temperature range, suggesting
that it is not the dominant conduction mechanism under the
present experimental conditions.

Therefore, the increase in the 1TIR current observed in the
three LRSs, as shown in Figure 3a during programming and
in Figure 6b during readout, can be entirely attributed to
temperature-induced effects in the nMOS transistor. Specifically,
as the temperature is reduced, the nMOS channel resistance
decreases, which enhances the current flowing through the 1T1R
structures. This effect manifests both during the programming
process, where the applied V7, controls the filament formation
in the HfAlO, layer, and during the subsequent readout opera-
tions, where V;; biases the devices to measure their conduction.
Importantly, this behavior indicates that the observed current
variations in the LRSs are not due to intrinsic changes in the MIM
resistance of the HfAIO, layer, but rather are dominated by the
temperature-dependent response of the series nMOS transistor.

3.3 | Optimizing Electrical Biasing During
Resistive Switching in 1T1R Structures at 1.5 K

Given that the operating conditions of the 1T1R structure are
primarily governed by the nMOS transistor behavior at cryogenic
temperatures, we performed an optimization process aimed at
achieving better control of the LRS current and reducing both
cycle-to-cycle and device-to-device variability [44]. As reported
in the previous section, the pronounced increase in transistor

conductivity at low temperatures is the main cause of elevated
LRS effective conductance and the broad distribution of HRS
effective conductance, the latter arising from incomplete reset
processes. To mitigate these effects, we optimized the gate voltage
bias applied during the set operation, specifically when switching
the 1TIR cells from HRS to LRS2 and LRS3. The optimized gate
voltage levels used in the subsequent tests are summarized in
Table 1.

The optimization strategy is based on reducing the gate voltage
bias of the nMOS transistor at cryogenic temperatures, in order
to maintain comparable D-S current levels at 300 and 1.5 K. This
ensures that the compliance conditions during programming
remain similar, thereby preventing over-programming and reduc-
ing the probability of incomplete reset operations. As shown in
Figure 8, the D-S current-voltage characteristics of the transistor
overlap when applying V; = 1.6 V at 300 K and V; = 1.5V at
1.5 K, confirming that equivalent compliance levels are achieved
at both temperatures.

For LRS2, the gate bias was also reduced at cryogenic tempera-
ture, which leads to a lower D-S current response compared to
its counterpart at room temperature. This adjustment is required
because the gate bias for LRSI also decreases with temperature.
By doing so, the relative separation between LRS1 and LRS2
is preserved at 1.5 K, ensuring a similar distinction between
resistance states as observed at 300 K.

In total, 32 I1TIR devices were initialized at 300 K following
the procedure described in the Methods section, which included
device forming and 10 reset/set cycles. Subsequently, the devices
were cooled to the minimum operating temperature and switched
fifty times per LRS state. Of these, 16 devices were switched using
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the optimized V; biases (1.2, 1.3, and 1.5 V), while the remaining
16 were operated with the non-optimized biases (1.2, 1.4, and
1.6 V). The I-V response of each 1T1R device was measured across
the 50 switching cycles at each LRS, and the main figures of
merit were extracted to enable a comparative analysis of the
switching parameters for both biasing schemes. The main results
are presented in Figure 9.

Figure 9a shows the reduction of I; ¢ for LRS2 and LRS3, resulting
from the lower V; bias applied during the set operation of the
1T1R devices. For LRS2, the median current decreases by 12.3 uA
for the optimized approach, while for LRS3 the reduction is
8.6 LA. In terms of the interquartile range (IQR), no significant
differences are observed between both approaches, with the
maximum reduction occurring in LRS3 (approximately 1 pnA).
Subsequently, Figure 9b demonstrates the effective reduction of
I;rs When resetting the 1T1R devices from LRS2 and, especially,

from LRS3, the latter exhibiting the broadest current distribution
in the non-optimized approach. In the case of LRS3, the median
I'pgs is reduced by 2.2 nA, together with a reduction in the IQR of
3.24 UA.

Regarding the set switching voltages (Figure 9c), no significant
improvements were observed, as the optimization process pri-
marily involved modifying the compliance current during the
set operation, a parameter that does not strongly influence the
set voltage.

Finally, the optimization process led to a clear reduction of the
reset switching voltage when transitioning the devices from LRS2
and LRS3 to HRS (Figure 9d). Specifically, the median reset
voltage is reduced by 100 mV for LRS2 using the optimized
approach, while for LRS3 the reduction reaches 200 mV. In
terms of variability, the IQR is also reduced, with a decrease of
90 mV for LRS2 and 100 mV for LRS3. Overall, the optimization
process reduced I; ¢ while maintaining clear separation between
LRS levels, improved the reset operation by narrowing the
Iygs distribution, and lowered the reset voltage required to
switch the devices from LRS to HRS, enhancing the stability
and reducing the energy consumption of future RRAM-based
cryogenic memory modules. In this context, the optimization
of V; plays a central role under DC operation, as it directly
controls the current compliance and strongly impacts switching
stability and variability at cryogenic temperatures. Additional
parameters, such as voltage ramp rates or alternative multilevel
programming strategies (e.g., tuning the reset stop voltage),
as well as pulsed operation conditions, may provide further
improvements, although these aspects fall beyond the scope of
the present work and will be addressed in future studies.

4 | Discussion

The resistance switching behavior of 1TIR devices across a wide
temperature range, down to cryogenic conditions, reveals that the
temperature dependence of the transistor strongly affects the pro-
grammed cell state during the resistive switching process. A key
observation is the increase of the LRS effective conductance as the
temperature decreases. This behavior enhances the separation
between resistance states, which could be beneficial for readout
fidelity, but it also leads to higher maximum LRS currents.
Consequently, the reset operation requires larger voltages to fully
disrupt the CF, leading to a broader HRS current distribution after
reset from LRS3. This broadening is a signature of incomplete
reset, driven by the higher conductivity of LRS2 and LRS3 at low
temperatures. Analysis of stand-alone nMOS devices across the
same temperature range confirmed that transistor-related effects
strongly influence the observed LRS behavior during the resistive
switching process, in particular through an increased compliance
current limit imposed by the transistor at cryogenic temperatures.

To further analyze the intrinsic contribution of the MIM stack
from the transistor effects, we conducted a second set of exper-
iments focused on the static regime (readout without switching)
by reading out pre-programmed resistance levels across the tem-
perature range. We observed that the MIM resistance increases
as the temperature is reduced. The underlying conduction mech-
anism analysis shows shifts in both the transition voltage and

10 of 12

Advanced Electronic Materials, 2026

85UB01 SUOWILLIOD BAIERID 3 |edtjdde au) AQ PoLLBA0B 212 A1 YO ‘38N JO S| 10} AIRIGIT BUIIUO AB| I UO (SO PLIOD-PUE-SULLIBIWI0D" A 1 A2e.q 11U |UO//SdIY) SUOIPLOD PUE S | 8U) 885 *[920Z/0T/82] U0 ARIqIT 8UIlUO 481 *86.00GZ02 WIBE/Z00T 0T/10p/00 B W ATe1q) 1 Ul UO"peoUADE /SANY WOLJ PBPeOIUMOQ ‘6T ‘9202 XOITE6TZ



the trap-free limited voltage. At cryogenic temperatures, the
transition from the trap-limited regime to the trap-free SCLC
regime occurs at higher voltages. This implies that the device
maintains a higher resistance, since the current jump is delayed
until larger voltages are applied. However, at the 1TIR cell level,
this effect is masked by the contribution of the transistor to the
overall readout operation.

Building on these insights, we adjusted the nMOS gate bias
during the set process to regulate the compliance current at
cryogenic temperature without compromising the distinction
between resistance states. In practice, this adjustment reduced
the LRS currents, especially in the most conductive level, while
preserving the separation between intermediate states such as
LRSI and LRS2. Additionally, this tuning mitigated the broad HRS
distribution by reducing the reset voltage required to transition
from LRS2 and LRS3 to HRS, promoting a more uniform reset,
enhancing switching efficiency and lowering power demands at
low temperatures.

5 | Conclusions

Overall, our results demonstrate the optimal operation of RRAM
devices across a wide range of cryogenic temperatures, extending
into regimes that have not been previously explored. Although the
increase in LRS conductivity is predominantly governed by the
temperature-dependent behavior of the series nMOS transistor
rather than intrinsic changes in the MIM stack, careful gate bias
optimization effectively limits LRS currents, mitigates HRS vari-
ability, and reduces resistance switching voltages. This optimiza-
tion enables reliable cryogenic switching without compromising
memory state separation. Importantly, these improvements were
achieved in devices fabricated using IHP’s standard 130 nm BiC-
MOS process, highlighting their direct compatibility with conven-
tional fabrication flows and reducing integration costs for future
heterogeneous cryogenic in-memory systems. Looking forward,
extending gate bias optimization to dynamic pulsed operation
and further investigating conduction mechanisms within the
MIM stack, together with the integration of peripheral circuitry,
will be essential steps toward accurate modeling and practical
deployment of 1T1R arrays for cryogenic memory applications.
Furthermore, although this study establishes a solid foundation
for the development of RRAM-based cryogenic-compatible mem-
ories, additional reliability aspects must be thoroughly evaluated
at ultra-low temperatures, including resistive state retention,
read-disturb phenomena, and resistive switching endurance. In
parallel, comprehensive assessments of energy consumption and
heat dissipation are required to address key quantum computing
constraints, such as proximity to qubits, power dissipation limits,
and control latency.
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