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Abstract—In this paper we propose a new method of
estimating Joule heating in a resistive switching SiOx based
device through the use of a micro-thermal stage (MTS). We
show an electro-thermal characterization of the device during
set/reset operation using the MTS structure as a thermometer,
we then attempt to reconstruct the complete heating profile of
the device through numerical modeling in COMSOL, then we
simulate the reset condition of the device.

I. INTRODUCTION

Resistive switching memory (RRAM) is emerging as a
high speed, low fabrication cost, low power technology for
embedded memory [1] [2] and neuromorphic computing [3]
[4] [5]. Embedded RRAM has shown a significant reduction
of energy for programming operation compared with Flash
technology [6], thus supporting RRAM for storage, memory
and in-memory computing [7]. Toward this goal, however, the
switching variability [8] and noise [9] still represent a strong
concern for the development of multilevel RRAM, which is
essential for the implementation of deep learning accelerators
[3] [4] and spatiotemporal recognition [10]. To improve the
conductance control in RRAM, a better understanding of the
switching mechanism is needed.

The switching mechanism in RRAM has been studied
by several experimental techniques, including time-resolved
experiments [11], in-situ and ex-situ TEM studies [12] [13],
and temperature-dependent analysis [14]. The latter indicates
that the set/reset switching voltage decreases at increasing
temperature, thus suggesting that Joule heating plays a
leading role in the switching process [15]. A powerful tool
to investigate the role of Joule heating is the micro-thermal
stage (MTS), consisting of an integrated resistive heater,
typically a metallic line, located close to the device. MTS
experiments have been conducted to study the crystallization
process in phase change memory (PCM), allowing to extend
the time-dependent crystallization to the µs scale [16] [17].

Temperature dependent characterization of RRAM with
MTS have been reported [18], however in this work we use
the MTS to probe the local temperature increase close to the
device, showing that Joule heating is uniquely controlled by
the dissipate power P =V I . By a combination of experimental
data and numerical electro-thermal model of the RRAM
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structure, we evaluate the local temperature within the RRAM
filament, representing the active spot in the device. We show
that the reset condition can be viewed as a constant tempera-
ture at the filament location, thus supporting Joule heating as
a critical ingredient accelerating resistive switching in RRAM.

II. EXPERIMENTS

The RRAM device consists of a Ti/SiOx/C stack fabricated
in BEOL on a silicon substrate (Fig. 1a) where SiOx (x
around 1) is the active switching material deposited with
thickness tox = 5 nm between a 20 nm thick graphitic C
bottom electrode and a 50 nm thick Ti top electrode. The C
bottom electrode was 70 nm wide, and contacted with a W
plug underneath [19]. The device was first electroformed with
a positive voltage of 6 V applied to the top electrode, then set
and reset processes were conducted on the device at positive
and negative voltages, respectively [20]. The test vehicle was
a one-transistor/one-resistor (1T1R) structure fabricated on the
front end of the device, where the current was controlled by
the select transistor during the electrical characterization (Fig.
1b) (1T1R structure). The current-voltage (I-V) curves were
characterized by applying a voltage ramp with increasing
values of the compliance current IC .

The thermal characterization was performed with a micro
thermal-stage (MTS) structure (Fig. 1c) consisting of a
tungsten wire located in the vicinity of the device (Fig. 1d).
The 4 terminals of the W line allow to accurately measure

Fig. 1. Structure of the device (a) and experimental setup (b). Top view of
the MTS (c) and section (d)



Fig. 2. Experimental IV characteristic of the device for different compliance
currents. In the inset calibration curve of the MTS.

Fig. 3. Experimental resistance variation of the MTS during device operation
and corresponding temperature calculated through calibration data.

the resistance hence the temperature enhancement in the line
selectively close to the device. Although the MTS was used
somewhere else to induce heating within the device [16]
[17], here the MTS was used as a thermal probe only, to
study the Joule heating during set and reset processes. Fig.
2 shows the measured I-V curves for set and reset processes
at increasing IC . The set transition from the high resistance
state (HRS) to the low resistance state (LRS) takes place
around VSET = 2.5 V. During set process, the current was
limited by the transistor to increasing IC = 24 µA, 100 µA
and 240 µA. As the compliance current increases, the LRS
resistance decreases according to R = VC/IC , where VC is
about 1.6 V in these measurements [15]. On the other hand,
the reset current IRESET increases approximately as IRESET
= IC [15]. The reset voltage VRESET also increases with
IC , due to the increasing voltage drop across the transistor
at increasing current [21]. The overall resistance window
between the HRS and LRS exceeds 3 orders of magnitude,
as already observed in SiOx-based RRAM [19].

To calibrate the MTS, the device was characterized on a
thermal chuck at constant temperature T from 25 ◦C to 200 ◦C.
The inset of Fig. 2 shows the MTS resistance measured with
the 4 point technique, as a function of T. The resistance obeys
a linear relationship typical of metallic resistors, namely:

RMTS(T )=R0(1+α(T−T0)) (1)

where T0 = 25 ◦C and R0 is the reference value of the
resistance at T0. The temperature coefficient of resistance is
α=0.0015 K-1 in good agreement with previous works [16].

TABLE I

Material kth ρ
Ti 23 W/(m·K) negligible
W 166 W/(m·K) negligible
C 2 W/(m·K) 29000 µΩcm

CF 1.43 W/(m·K) 500 µΩcm
SiO2/SiOx 1.43 W/(m·K) -

While measuring the I-V curves in Fig. 2, the resistance
of the MTS was monitored to probe the local temperature
T within the device. Fig. 3 shows the measured change of
resistance ∆R during the set and reset processes of the device,
namely the difference between the measured R and R0 in
Eq. (1). The value of ∆R increases with the applied voltage
and current, thus revealing the Joule heating effect within the
device. From Eq. (1), one can obtain the local temperature in-
crease ∆T =∆R/α within the MTS during set/reset operation,
which is reported as the right axis in Fig. 3. The temperature
change ranges from few degrees to about 30 K, with the largest
heating observed in correspondence of the highest IC .

To understand the Joule heating effect in our device, Fig.
4 shows the local increase of temperature ∆T as a function
of the device current (a) and power, namely P = V I (b).
Data for both positive voltage (set process) and negative
voltage (reset process) are shown. In the latter case, all curves
overlap along a single universal curve, thus indicating that
Joule heating is uniquely controlled by the electric power P
according to a linear dependence. This can be understood by
the analytical formula for Joule heating:

∆T =RthP (2)

Where Rth=6.5×104K/W is the effective thermal resistance
of the device, describing the heat diffusion arising from the
electrical power dissipation within the device. Note that ∆T
refers to the effective temperature increase at the MTS, thus
is significantly smaller than the maximum temperature at the
RRAM filament, where the current and electric field take
place. Deviations from the universal linear behavior in Fig.
4 are due to the voltage drop across the transistor during the
set transition, which does not contribute directly to the Joule
heating.

III. MODEL

To evaluate the temperature profile within the device
from the MTS data during set and reset processes, we first
estimated the geometry of the conductive filament (CF)
from the experimental I-V characteristics, then we simulated
the conduction, Joule heating and heat diffusion by a finite
element method (FEM) model in cylindrical coordinates [22].

A. CF size

The local temperature of the device is strongly dependent
on the geometry of the CF. We estimate the CF diameter
φ from the resistance R of the device obtained by electrical
characterization. For this purpose, however, the various contri-
butions to the total resistance and their respective scaling with



Fig. 4. Simulation of MTS heating during device operation depending on
current (a) and power (b) compared with experimental data.

Fig. 5. Analytical and simulated segments of the total resistance of the device

the filament size should be taken into account. The CF was
assumed to have a cylindrical shape with a resistance given by:

RCF =ρCF
tOX
π
4φ

2
(3)

where tOX is the SiOx layer thickness. As the filament is
generally much smaller than the electrode size and the carbon
resistivity is expected to be higher than the metallic CF,
the contribution of resistance of the carbon electrode cannot
be neglected. The spreading resistance RS of the carbon
electrode can be estimated analytically by assuming a 45◦

conical spreading, which yields:

RS=αρC
tC

π(tC+ φ
2 )φ2
∼ αρCπ

2φ
(4)

where alpha = 0.85 is a corrective factor. The transistor
resistance was measured experimentally on one-
transistor/zero-resistance (1T0R) structures as a function

TABLE II

IC φ

24 µA 4 nm
100 µA 8.6 nm
240 µA 15 nm

of the gate voltage. From the measured total resistance
R=RS+RMOS+RCF , we could extract the CF diameter φ
in Tab. II. Fig. 5 summarizes the various contribution to R as
a function of the extracted φ. Note that RS is the dominant
contribution to the total resistance. The carbon electrode
can thus be viewed as a heater, thanks to the relatively high
resistance and the confined shape (diameter around 70 nm).
This analysis thus supports confined structures of the bottom
electrode to improve the energy efficiency of RRAM devices.

B. Electrothermal Model

The conduction characteristics of the RRAM device were
simulated by assuming an ohmic behavior for LRS and an
exponential (Poole) field-dependent current for HRS [23].
Joule heating was described by solving the Fourier heat
equation in stationary regime with a generation the current
flow inside the filament and the carbon heater:

−∇(kth∇T )=ρJ2 (5)

where kth is the thermal conductivity, ρ is the electrical
resistivity, and J=σ∇V is the current density. An isothermal
boundary condition (T = 300K) was assumed at the bottom
boundary to account for the heat sink at the substrate, while
thermal isolation was assumed on all other boundaries.

C. Simulation Results

The numerical model can reproduce the measured I-V
curves in Fig. 2 and the corresponding MTS ∆R and ∆T in
Fig. 4 for both LRS and HRS. In particular Fig. 4b shows
that the temperature increase in the MTS structure is solely
a function of the total dissipated power P = V I in the
device, irrespective of the CF size. This can be understood
by the MTS temperature increase ∆TMTS resulting from the
temperature drop from the hot spot to the MTS.

On the other hand, simulation results indicate the temper-
ature profile depends on the CF size. This is shown in Fig.
6, reporting the simulated structure (a) and the temperature
profile for φ = 4 nm (b), 8.6 nm (c) and 15 nm (d) for a dissi-
pated power P =10µW. The results indicate that the hot spot
is located close to the interface between the CF and the bottom
electrode, thus supporting the critical role of the bottom
electrode heater. Also, the maximum temperature increases
as the CF size decreases, thanks to the better current/heat
confinement. This is further supported by the results in Fig. 7,
reporting the T profile along the cylindrical axis for increasing
φ (a) and the maximum temperature as a function of φ (b)



Fig. 6. Simulated temperature map of the carbon heater and CF for different sizes (a) 4 nm, (b) 8.6 nm, (c) 15 nm with the same power bias of 10 µW

Fig. 7. (a) Simulated temperature profile along the z-axis for different sizes
and (b) maximum temperature simulated inside the device depending on
filament size with the same power bias of 10 µW

D. Reset Voltage

The model also allows to evaluate the condition for reset
transition in the RRAM device. Fig. 8 shows the measured re-
set voltage VRESET (note that V

′

RESET in Fig. 2 is increasing
with the compliance current because of the transistor voltage
drop), at the onset of the reset transition, as a function of IC .
The figure also reports the calculated voltage for which a max-
imum temperature of 600 K is reached within the CF. The re-
sults show that VRESET is almost independent of IC , and can
be viewed as the voltage needed to induce a given critical tem-
perature in the CF to initiate ionic migration, hence reset tran-
sition. These results support the MTS technique to provide fur-
ther insight on the RRAM fundamental switching mechanisms.

IV. CONCLUSION

We have shown a novel technique to directly study Joule
heating in RRAM devices by an integrated MTS structure.
Our results show that Joule heating is controlled by the power
V × I , and that the bottom electrode plays a crucial role as
heater in our RRAM device. The reset operation is shown to

Fig. 8. Experimental median reset voltage for devices after set with different
compliance currents and simulated constant temperature condition.

be controlled by the maximum temperature in the CF. These
results highlight the importance of a careful thermal design
for energy efficient RRAMs.
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