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Introduction

Nanoscale temperature sensing of electronic
devices with calibrated scanning thermal
microscopyt

Timm Swoboda,? Nicolas Wainstein,® Sanchit Deshmukh,® Cagil Kéroglu, € €
Xing Gao, (2 ¢ Mario Lanza, (2 © Hans Hilgenkamp,® Eric Pop, {2 € Eilam Yalon® and
Miguel Mufioz Rojo 2 *2

Heat dissipation threatens the performance and lifetime of many electronic devices. As the size of devices
shrinks to the nanoscale, we require spatially and thermally resolved thermometry to observe their fine
thermal features. Scanning thermal microscopy (SThM) has proven to be a versatile measurement tool for
characterizing the temperature at the surface of devices with nanoscale resolution. SThM can obtain
qualitative thermal maps of a device using an operating principle based on a heat exchange process
between a thermo-sensitive probe and the sample surface. However, the quantification of these thermal
features is one of the most challenging parts of this technique. Developing reliable calibration approaches
for SThM is therefore an essential aspect to accurately determine the temperature at the surface of a
sample or device. In this work, we calibrate a thermo-resistive SThM probe using heater-thermometer
metal lines with different widths (50 nm to 750 nm), which mimic variable probe-sample thermal
exchange processes. The sensitivity of the SThM probe when scanning the metal lines is also evaluated
under different probe and line temperatures. Our results reveal that the calibration factor depends on the
probe measuring conditions and on the size of the surface heating features. This approach is validated by
mapping the temperature profile of a phase change electronic device. Our analysis provides new insights
on how to convert the thermo-resistive SThM probe signal to the scanned device temperature more
accurately.

materials>® and phase change materials (PCM),” when using
thermal probes as small heaters and with proper calibration.

Scanning thermal microscopy (SThM) has become a popular
scanning probe technique to measure nano- and micro-scale
sample thermal features."™ SThM can be used to determine
the thermal properties of different types of nanostructured

materials, like polymeric nanowires,” thermoelectric
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Furthermore, calibrated SThM thermal probes can be also
used as nanoscale sensors to obtain surface temperature
maps. Compared to other spatially resolved thermometry tech-
niques, such as infrared or Raman thermometry, SThM has
the advantage of having a better spatial resolution.®® More
recently, nanoscale spatially resolved temperature sensing
approaches via SThM have attracted particular interest for
determining the energy dissipated in electronic devices, where
often heat hinders performance and reliability.'® For example,
SThM has recently been applied to determine temperatures of
transistors based on two-dimensional materials like MoS,,"*
and memory devices like resistive random-access memory
(RRAM)">™* and phase change memory (PCM),"* as well as
thermally-activated phase change devices based on VO,.'® The
evaluation of the heat dissipated in individual electronic
devices can open doors to establish new device engineering
designs and architectures on the basis of devices’ thermal
signatures."”'® However, while SThM is a promising technique
for the thermal characterization of electronic devices, its main
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challenge relates to its complex calibration. In this work, we
use a thermo-resistive SThM probe, whose electrical resistance
varies with temperature, to scan surface heater metal lines
with multiple widths and applied power levels. Based on these
measurements, we can determine how the SThM probe cali-
bration factor, a parameter that converts electrical probe
signals into temperature, varies under different measuring
conditions.

SThM uses a temperature-sensitive probe, like a thermo-
couple,'® thermal expansion®® or a thermo-resistive probe.’
Among them, thermo-resistive probes are the most widely
used for temperature sensing. During measurements, a small
current is applied across the thermo-resistive element. This
allows to track changes in the electrical resistance of the
probe, which depends on temperature®" as described by

Rprobe(T) =Ry - [1 + TCR - (T — Ty)] (1)

The probe electrical resistance (Rprone) at temperature T can
be calculated by means of a resistance reference value (R,) at
temperature T,. The temperature coefficient of resistance
(TCR), which is an intrinsic material specific property, defines
the slope of the relation between resistance and temperature
which in practice is usually linear. As a consequence, an incre-
ment of the temperature of the tip correlates with changes in
the electrical resistance of the probe, and vice versa.'**??
Using this working principle, SThM can be used to obtain
surface thermal maps with high thermal and spatial resolution
(less than 1 K and ~50 nm, respectively).'>'® However, the
probe requires careful calibration to quantitatively correlate
changes in the electrical resistance of the probe (mV) with
temperature variations (K), i.e., a calibration factor (CaF). For
that purpose, several calibration approaches have been
suggested in the past.

As an example, one common method for SThM calibration
is based on measuring the electrical resistance of the probe
while keeping it in contact with a hot-plate stage with
an adjustable temperature.>*?** Alternatively, calibration
approaches based on knowing the melting temperature of
materials have also been used for thermo-resistive probes.*® In
this approach, the probe is brought into contact with a
material of well-defined melting point. The probe is heated
until the material melts, which is detected by a sharp decrease
in the probe deflection. With this method, the tip resistance
can be correlated to the melting temperature of the sample
under study. These methods are straightforward for appli-
cation. However, they do not account for variations in the
probe thermal exchange area and in the thermal sensitivity
depending on the power applied to the thermo-resistive probe,
which is especially relevant when scanning nanoscale heating
features.

More recently, Deshmukh et a employed nanoscale
metal lines to determine a CaF that transforms the electrical
SThM probe response into temperature changes.'® They
observed a change in the CaF depending on the width of the
heating metal lines, which was correlated to variations in the
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tip-sample thermal exchange radius. Since the SThM measure-
ments were made in-contact, this approach used an electrical
insulating capping layer between the tip and the sample that
avoids conducting surfaces to interfere with the electrical
signal of the Wheatstone bridge or even probe damage. This
feature is especially relevant for the characterization of elec-
tronic devices when sensitive thermo-resistive probes in
contact mode are used. Additionally, it allows comparability of
the results with samples of similar capping surfaces, i.e., com-
parable thermal contact resistance between tip and sample. If
the sample cannot be coated, alternatives such as SThM
measurements in non-contact mode®” or depositing an insu-
lating capping layer to the thermo-resistive tip could be a
possibility. To advance on the calibration approach presented
in ref."? it is essential to study the influence of a broader range
of line widths as well as the impact of the self-heating probe to
better understand their influence on the CaF.

In this work, we extend the results of the calibration
method described in reference.”> We use palladium (Pd) on
silicon nitride (SiN) based thermo-resistive SThM probes®” to
characterize the heating produced by thin Pd metal lines of
different widths. Pd possesses a high and well-known TCR,
which makes it an ideal material to use in this experiment, to
characterize and to compare with previous results.”*° we
carefully evaluate the CaF based on the probe-sample thermal
exchange area, which causes different line widths to yield
different SThM probe temperatures. Additionally, we investi-
gate the impact of the power applied to the SThM probe to
sense temperature at the surface. Apart from that we character-
ize the heating behaviour for each power applied to the probe.
Overall, we aim to shed light on the need to carefully choose
the CaF based on the size of the sample as well as the tip-
sample energy balance.

Experimental setup

The measurement approach of our calibration, including the
SThM setup and the calibration sample structure, is sketched
in Fig. 1(a). Regarding our calibration samples, we used Pd
metal lines of different widths (50-750 nm) deposited on a
SiO,/Si substrate. We patterned and deposited the metal
heating lines by e-beam lithography and e-beam evaporation
(see ESI S17 for details). We capped the devices with a thin
layer of Al,O; to keep the sample electrically isolated from the
SThM probe (see ESI S17 for details). Fig. 1(b-e) show the topo-
graphy of metal lines with different widths that were obtained
using an atomic force microscope (AFM) in tapping mode (see
ESI S27 for details). First, the metal lines were characterized
electrically to determine their electrical resistance. For that
purpose, we used four-point probe measurements as shown in
Fig. 1(a). We applied current between the two exterior pads
while measuring the potential difference across the inner
ones. Using this approach, the resistance of the line was
measured as a function of the applied power. Since the resis-
tance of a thermo-resistive Pd line depends on its temperature

This journal is © The Royal Society of Chemistry 2023
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(a)

(a) Sample and measurement configuration. Palladium (Pd) lines with different widths (50-750 nm) and four Pd pads are deposited on SiO,/
Si substrate. For the measurement, the heated lines are scanned using SThM. A Wheatstone bridge is used to track changes in the electrical resis-
tance of the probe and consists of four resistors: two having fixed resistances R, a potentiometer R, and the resistance of the probe Ry ope. A
voltage with variable magnitude is applied between Ve and the ground during the measurements. (b—e) AFM topography images of different Pd
lines at widths of (b) 50, (c) 75, (d) 200, (e) 500 nm, scanned at tapping mode. (scale bar equal to (b) 400 nm, (c) 600 nm, (d) 700 nm, (e) 700 nm).

Fig. 1

linearly,®* as described by eqn (1), one observes a linear
increase of the resistance with the power applied. Afterwards,
we characterized the electrical resistance of the lines at
different stage temperatures. Based on these measurements,
we were able to determine the resistance at zero power, i.e. Ry,
for each temperature of the stage (Tsage)- By plotting R, vs. the
temperature of the stage we calculated the TCR of each line
from the slope of the Ry vs. Tytage graph. In combination with
the resistance vs. power data, we extracted the temperature
increase of the lines as a function of the power applied to
them (see ESI S37 for details).

In operation we apply a voltage across the Wheatstone
bridge to induce a small current that allows us to monitor
changes in the electrical resistance of the probe. Given the
thermo-resistive nature of our probes an increase in the probe
temperature results in an increment of the resistance of the
probe." In contact with the surface, we adjust Ry, to be equal
to Rprobe, balancing the bridge. In this configuration, the nulli-
fied bridge voltage, which we refer to as SThM signal Vsrnwm
(shown in Fig. 1(a)), is approximately proportional to the
change in Ry ope and allows changes in probe temperature to
be sensed as the probe scans over the sample. Fig. 2(a) shows
a flattened 2D SThM plot obtained when scanning a non-
heated metal line with a width of 500 nm. As expected the
SThM signal remained constant along the scan, with minor
topography related differences at the line as consequence of

This journal is © The Royal Society of Chemistry 2023
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tip-surface interaction changes.’” In Fig. 2(b) we show a flat-
tened SThM map of the same line when heating the line by
applying an electrical power P, of 0.9 mW. In this case we
observed a significant increment of the SThM signal at the
location of the heated metal line. For the purpose of a better
illustration, we applied a zero order flattening on the images
in Fig. 2(a) and (b). For the characterization of the CaF we
used the raw data later. We repeated the measurements while
heating the lines at different powers. The magnitude of the
signal linearly depends on the heating power and hence on
the temperature rise of the line. Fig. 2(c) shows the rise in the
SThM signal observed at the line (AVsrnm,iine) plotted against
the corresponding temperature increase of the line during the
measurements (ATj,e) for various line widths. ATy, was
obtained from the four-point probe measurements. To subtract
the influence of the topography on our results, we determined
AVsrhm,line at ATiine as the difference of the maximum SThM
signal in the heated case Vsrhmmaxline(ATline) Vs. the
maximum SThM signal at the non-heated Vsrhm,max,line(0) case
as follows:

A VSThM,line (A Tline ) = AVSThM,maxiline (ATIine )
—A VSThM,max,line (0)

(2)

From the graphs in Fig. 2(c) we extracted our calibration
factor (CaF) as the slope of the AVgrh tine VS. ATiine graphs.

Nanoscale, 2023, 15, 7139-7146 | 7141
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(@ and b) SThM maps of a 500 nm wide line at (a) 0 W, (b) 0.9 mW power applied, scanned while a voltage of 0.5 V is applied at the

Wheatstone bridge (scale bar equal to 500 nm). Variations observed at the line in the non-heated case are originated by differences in the tip—
surface interaction. (c) Changes of the SThM signal measured at a heated line as a function of the temperature increase respect to the non-heated
case for different widths. (d) FEM results for the heating of a 500 nm wide line at an applied power of 0.9 mW. The dashed line at the left edge indi-

cates the plane of symmetry.

Results

Fig. 2(c) presents the AVsrmwm jine V5. ATiine behaviour, which
increases until it saturates at higher line widths. This behav-
iour can be explained from the thermal exchange interaction
between the tip and sample surface. The heat exchange
between the tip and the sample is typically considered as a cir-
cular area with a defined thermal exchange radius.”® The
intrinsic thermal exchange diameter around the tip is given by
its heat transfer mechanisms (solid-solid, water meniscus,
convection, and radiation). Then, when this thermal exchange
radius is larger than the width of the line, heat exchange is
reduced and the SThM signal drops. As a result, we observed a
decrease of the CaF below a certain cut-off line width. These
results match with previously obtained results.?

Additionally, we used a finite element model (FEM) to verify
the temperature of the lines against the applied power, as
shown in Fig. 2(d). Therefore, we replicated the sample con-

7142 | Nanoscale, 2023, 15, 7139-7146

figuration using the same thickness values and material pro-
perties as in the sample fabrication. In our model we corre-
lated the temperature of the lines to the power values
measured by the electrical characterization. The results
obtained with the FEM agree well with the four-point measure-
ments. Additionally, we observed that the calculated tempera-
ture drop between Pd line and surface on top of the capping
layer is well below 1 K (see ESI S47 for details).

Since the heat exchange between the probe and the sample
changes significantly with the voltage applied to the
Wheatstone bridge Viource, We further conducted measure-
ments to estimate its impact on the calibration. The larger the
power applied to the probe, the higher its temperature during
the scan. Aiming to evaluate the impact of the probe heating
on the CaF, we conducted the same AVgrhm,iine VS. ATjine ana-
lysis for four different Wheatstone bridge voltages (Vsource =
0.1, 0.3, 0.5 and 0.7 V). However, Vyource is difficult to compare
between different probes as it depends on the resistance of the

This journal is © The Royal Society of Chemistry 2023
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probe. Thus, we measured the total resistance Rprope,total = 340
Q of the probe by measuring its IV behaviour. This total resis-
tance includes the thermo-resistive element but also two
current limiters (~101.5 Q each). After subtraction, the resis-
tance of the thermo-resistive Pd element is Ryrope = 137 Q.
Considering the resistances of the Wheatstone bridge, we then
estimated the power applied to the probe during our measure-
ments for each Voureee For the four measuring configurations,
we calculated the power values Ppope to be 0.8 uW, 7 pW, 19 pW
and 37 pW during the measurements (see ESI S5t for details).

Fig. 3(a-d) show four different flattened SThM thermal
maps of the same metal line width of 500 nm. The same
power was applied to the line for the different SThM scans,
achieving a ATy, of 10 K. However, we varied the power mag-
nitude of P,ope as seen in Fig. 3(a-d) and stated in the figure
caption, ie., from 0.8 to 37 pW. By comparing the four figures
we observed that the contrast at the line increases with Ppope.
In other words, we see a clear contrast between the line signal
and the substrate signal in Fig. 3(d), while the line signal is
less distinguishable in Fig. 3(a). The same measurements were
conducted for each line width and at four different powers (see
ESI S61) to determine the corresponding CaF.

At this point it is worth noting that we calculated CaF by
means of the difference of the raw signal at the heated line
and the raw signal of the line in a non-heated reference scan
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(see ESI S71). By using this approach, we were able to plot the
CaF as a function of the line width for all the four configur-
ations described above in Fig. 3(e). We verified our results by
conducting our measurements with a second probe (see ESI
S8t for details). Furthermore, we observed that the CaF keeps
on increasing when applying Ppope values beyond the con-
figurations displayed here (see ESI S97 for details).

Discussion and SThM application to
measure electronic devices

Based on the results shown in Fig. 3, we observed an increase
of the CaF as a function of P ope. The increment of Pyrope is @
result of pushing higher currents Ipe through the probe
because of increasing Viource- Iprobe directly impacts the slope
of the AVgrhm V5. ATprobe (Vsthv = IprobeRprobe) function. As a
result of that we should expect a stronger increase in Vgny for
the same temperature increase when operating at a higher
current. Apart from that applying more power to the tip results
in a higher probe temperature. This is confirmed by the linear
increase of the probe temperature with Py, independent of
the heating of the line (see ESI S10f). The increment of
heating power and probe temperature causes an increase of
the cut-off line width at which the CaF started to saturate at

16 f T T T
14" :
S 12] —
£
10} y
O 8t + 1
S e} ]
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54 Y ]
T
» ol |

ol ' - '

0 10 20 30 40

Pprobe [UW]

= 10 K when scanning at probe powers (P ope) Of (@) 0.8 pW, (b) 7 pW, (c)

19 pW, (d) 37 yW (scale bar equal to 400 nm). (e) Calculated calibration factor (CaF) for different power values as a function of the line width of the
scanned metal lines (upwards triangle correspond to the trace signal, downwards triangle correspond to the retrace signal). (f) Estimated saturated

CaF as a function of Ppgpe.
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higher Py, as can be seen in Fig. 3(e). The cut-off line width
tells us the size at which the heat transport between probe and
sample starts to truncate and is therefore an indicator of the
thermal exchange area. As we increase the power applied to
the tip, we consequently increase the thermal exchange area
around the tip vicinity. We fitted the data in Fig. 3(e) graphs
with a simple exponential function to estimate the saturation
value of CaF as drawn by the dotted lines. For higher power
values the fit saturates at line widths above 750 nm. Fig. 3(f)
shows the saturation CaF values as a function of Ppope,
showing a steady trend.

This new information enlarges the toolkit of operating a
calibrated SThM system. Depending on the needs of the
measurement the bridge power can be adjusted. For example,
one could choose to operate the SThM at a higher power to
increase the temperature sensitivity. However, at lower power
one obtains less self-heating of the probe and therefore could
be the preferred option in other cases.

Finally, to verify the results of the calibration, we assessed
the CaF in electronic devices. We investigated the heating
characteristics of a phase change material (PCM) device which
we characterized in a previous study.*® Fig. 4(a) shows the
sample schematics revealing the PCM sputtered on a 1.5 pm
wide metal heater line. We capped the surface of the PCM
sample with a thin insulation layer of SiO, to electrically
isolate the tip from the sample. We scanned the sample
surface with our SThM probes while heating the metal line by
applying an electrical current between the two heater pads. We
repeated the measurements for four power configurations. The
applied current and voltage at the metal lines as a function of

View Article Online
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the run time of the steady state measurements is shown in
Fig. 4(b). The finite element model of the PCM structure was
reported previously®>** to determine the value of the tempera-
ture of the device based on the power applied. The model con-
siders the thermal conductivity and capacitance of each layer,
including the thermal boundary resistance of the interfaces as
well as the temperature coefficient of resistance of the heater.
In this FEM, illustrated in Fig. 4(c), the structure of the
device was replicated and a power source was applied to the
heater. We calculated the surface temperature to compare
them with the calibrated temperature maps obtained with
SThM. As an example, the topography and converted tempera-
ture maps of one of the heater lines are presented in Fig. 4(d)
through (f). Fig. 4(e) displays converted SThM temperature
maps obtained with 0 W and 120 mW applied to the device
during the scan, respectively. As expected, the maximum temp-
erature is observed towards the centre of the heater line area.
We converted the signal as described above by determining
the difference of the raw SThM signal in the heated vs. the
non-heated case. During the scan we applied a power of 7 pW
to the probe. The line width significantly exceeded the cut-off
value of this power configuration. Therefore, we used the satur-
ation CaF (= 4.31 mV K ') of this power configuration as
shown in Fig. 3(e). We then calculated the expected tempera-
ture increase of the lines with four different power configur-
ations (see Fig. 4(b)). Fig. 4(f) shows the maximum tempera-
ture increase of the heated area vs. the power applied to the
lines. It can be observed that, the results obtained by the cali-
brated SThM (represented by the black squares) and the
results of the FEM simulation illustrated by the red dotted
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(a) Setup of the PCM sample. (b) Applied current and measured voltage as a function of the measurement time. (c) FEM simulation of the

measured sample. (d) Topography of the investigated PCM sample obtained with a SThM probe. (e) Calibrated temperature maps of the PCM sample
without and with power applied (120 mW) and for a power applied to the probe of P, e = 7 UW (scale bar of (d) and (e) equal to 400 nm). (f)
Calculated temperature increase at the line obtained with FEM as illustrated in (c) and from experiments, using the CaF obtained in Fig. 3.
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line,* are in good agreement. Hence, it can be concluded that
this calibrated SThM approach is a promising technique to
characterize the temperature of different samples and devices
with nanoscale accuracy. A potential source of error might
originate because of differences in the probe to sample contact
between calibration sample and device due to capping layer.
However, the capping layer of SiO, and Al,O; present similar
surface roughness and thermal conductivities. Therefore, we
estimate that this difference is bound to be less than 3%,
which agrees well with the analysis of the temperature increase
of the PCM sample.

Conclusions

In conclusion, in this work we determined the calibration
factor of a thermo-resistive SThM probe using a set of metal
lines with different widths and powers applied to them. We
determined that the calibration factor depends on the thermal
exchange area between the tip and the sample as well as on
the power applied to the probe. This calibration method
enables adjustable SThM measurement to quantify the heating
at the surface of a sample depending on the needed thermal
sensitivity and local features of the heating surface. Therefore,
the outcome of this work displays the advantages and disad-
vantages of operating the SThM at different bridge power
values. For example, one could prefer to operate the SThM at a
higher power to increase the thermal contrast of the measure-
ments. On the other hand, one could operate at a lower power
to avoid heating of the sample due to the probe. Moreover, the
validation of the calibration results shows that this method
can be applied for the characterization of similar structures.
Therefore, the results showed the flexibility of the SThM to
conduct temperature mapping for a wide range of materials
and devices with nanoscale spatial resolution. This technique
sheds light on how to carefully calibrate and use SThM for
accurate surface thermal sensing. Future studies should put
emphasis on investigating the impact of material specific pro-
perties such as the surface roughness, probe thermal contact
resistance or thermal conductance on the thermal exchange
between the probe and sample.

Author contributions

Conceptualization, T.S. and M.M.R.; formal analysis, T.S., N.
W., S.D. and C.K.; investigation, T.S., N.W. and X.G.; method-
ology, T.S. and M.M.R.; supervision, M.M.R., H.H., E.P,, E.,
M.L.; visualization, T.S. and M.M.R.; writing - original draft
T.S. and M.M.R,; writing - review & editing, all authors have
contributed to the review and editing process of the manu-
script preparation.

Conflicts of interest

There are no conflicts to declare.

This journal is © The Royal Society of Chemistry 2023

View Article Online

Paper

Acknowledgements

M. M. R. acknowledges the financial support of NWO for the
Homeostatic Operation of Batteries (HOT) project. T. S.
acknowledges the technical support of the Interfaces and
Correlated Electrons (ICE) group of the Mesa+ institute, and
the Thermal Engineering (TE) group of the University of
Twente.

References

1 Y. Zhang, W. Zhu, F. Hui, M. Lanza, T. Borca-Tasciuc and
M. Muiioz Rojo, Adv. Funct. Mater., 2020, 30, 1900892.

2 S. Gomes, A. Assy and P.-O. Chapuis, Phys. Status Solidi,
2015, 212, 477.

3 K. Kim, W. Jeong, W. Lee and P. Reddy, ACS Nano, 2012, 6,
4248-4257.

4 M. Muioz Rojo, ]J. Martin, S. Grauby, T. Borca-Tasciuc,
S. Dilhaire and M. Martin-Gonzalez, Nanoscale, 2014, 6,
7858-7865.

5 Q. Zhu, J. Liu, Y. Lin, S. Xie and J. Li, Appl. Phys. Lett., 2020,
117, 133102.

6 E. N. Esfahani, F. Ma, S. Wang, Y. Ou, ]. Yang and ]. Li,
Natl. Sci. Rev., 2018, 5, 59-69.

7 J. L. Bosse, M. Timofeeva, P. D. Tovee, B. J. Robinson,
B. D. Huey and O. V. Kolosov, J. Appl. Phys., 2014, 116,
134904.

8 T. Luo and G. Chen, Phys. Chem. Chem. Phys., 2013, 15,
3389-3412.

9 F. Menges, P. Mensch, H. Schmid, H. Riel, A. Stemmer and
B. Gotsmann, Nat. Commun., 2016, 7, 10874.

10 E. Pop, Nano Res., 2010, 3, 147-169.

11 E. Yalon, C. J. McClellan, K. K. H. Smithe, M. Mufioz Rojo,
R. L. Xu, S. V. Suryavanshi, A. J. Gabourie, C. M. Neumann,
F. Xiong, A. B. Farimani and E. Pop, Nano Lett., 2017, 17,
3429-3433.

12 I. M. Datye, M. Muiioz Rojo, E. Yalon, S. Deshmukh,
M. J. Mleczko and E. Pop, Nano Lett., 2020, 20, 1461-1467.

13 S. Deshmukh, M. Mufioz Rojo, E. Yalon, S. Vaziri,
C. Koroglu, R. Islam, R. A. Iglesias, K. Saraswat and E. Pop,
Sci. Adv., 2022, 8, eabk1514.

14 S. K. Nandi, E. Puyoo, S. K. Nath, D. Albertini, N. Baboux,
S. K. Das, T. Ratcliff and R. G. Elliman, ACS Appl. Mater.
Interfaces, 2022, 14, 29025-29031.

15 E. Yalon, S. Deshmukh, M. Mufioz Rojo, F. Lian,
C. M. Neumann, F. Xiong and E. Pop, Sci. Rep., 2017, 7, 15360.

16 S. M. Bohaichuk, M. Muioz Rojo, G. Pitner,
C. J. McClellan, F. Lian, J. Li, J. Jeong, M. G. Samant,
S. S. P. Parkin, H. S. P. Wong and E. Pop, ACS Nano, 2019,
13,11070-11077.

17 A. L. Moore and L. Shi, Mater. Today, 2014, 17, 163-174.

18 P. K. Schelling, L. Shi and K. E. Goodson, Mater. Today,
2005, 8, 30-35.

19 K. Luo, Z. Shi, J. Lai and A. Majumdar, Appl. Phys. Lett.,
1996, 68, 325.

Nanoscale, 2023, 15, 7139-7146 | 7145


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr00343d

Open Access Article. Published on 23 marzo 2023. Downloaded on 02/02/2026 19:44:08.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

Paper

20

21

22

23

24

25

26

27

28

O. Nakabeppu, M. Chandrachood, Y. Wu, J. Lai and
A. Majumdar, Appl. Phys. Lett., 1995, 66, 694.

T. Dinh, H. P. Phan, A. Qamar, P. Woodfield, N. T. Nguyen
and D. V. Dao, J. Microelectromech. Syst., 2017, 26, 966-986.
E. Puyoo, S. Grauby, J. M. Rampnoux, E. Rouvire and
S. Dilhaire, Rev. Sci. Instrum., 2010, 81, 073701.

E. Puyoo, S. Grauby, J. M. Rampnoux, E. Rouvire and
S. Dilhaire, J. Appl. Phys., 2011, 109, 024302.

N. Barbosa and A. ]. Slifka, Microsc. Res. Tech., 2008, 71,
579-584.

D. Shan, K. Pan, Y. Liu and ]. Li, Nano Energy, 2020, 67,
104203.

G. Wielgoszewski, M. Babij, R. F. Szeloch and T. Gotszalk,
Sens. Actuators, A, 2014, 214, 1-6.

Y. Zhang, W. Zhu, L. Han and T. Borca-Tasciuc, Rev. Sci.
Instrum., 2020, 91, 014901.

S. Deshmukh, M. Murfioz Rojo, E. Yalon, S. Vaziri and
E. Pop, Probing Self-Heating in RRAM Devices by

7146 | Nanoscale, 2023, 15, 7139-7146

29

30

31

32

33

34

View Article Online

Nanoscale

Sub-100 nm Spatially Resolved Thermometry, 2018 76th
Device Research Conference (DRC), Santa Barbara, CA,
USA, 2018, pp. 1-2.

M. Mufioz Rojo, Z. Li, C. Sievers, A. C. Bornstein, E. Yalon,
S. Deshmukh, S. Vaziri, M. H. Bae, F. Xiong, D. Donadio
and E. Pop, 2D Mater., 2019, 6, 011005.

R. L. Xu, M. Mufioz Rojo, S. M. Islam, A. Sood, B. Vareskic,
A. Katre, N. Mingo, K. E. Goodson, H. G. Xing, D. Jena and
E. Pop, J. Appl. Phys., 2019, 126, 185105.

J. T. W. Kuo, L. Yu and E. Meng, Micromachines, 2012, 3,
550-573.

J. Spiece, C. Evangeli, K. Lulla, A. Robson, B. Robinson and
O. Kolosov, J. Appl. Phys., 2018, 124, 015101.

N. Wainstein, G. Ankonina, T. Swoboda, M. Muiioz Rojo,
S. Kvatinsky and E. Yalon, IEEE Trans. Electron Devices,
2021, 68, 1298-1303.

N. Wainstein, G. Ankonina, S. Kvatinsky and E. Yalon, IEEE
Trans. Electron Devices, 2020, 67, 5182-5187.

This journal is © The Royal Society of Chemistry 2023


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3nr00343d

	Button 1: 


