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Abstract

A novel combined setup, with a Scanning Thermal Microscope (SThM) embedded
in a Scanning Electron Microscope (SEM), is used to characterize a suspended silicon
rough nanowire, which is epitaxially clamped at both sides and therefore monolithi-
cally integrated in a microfabricated device. The rough nature of the nanowire surface,
which prohibits vacuum-SThM due to loose contact for heat dissipation, is circum-
vented by decorating the wire with periodic platinum dots. Reproducible approaches
over these dots, enabled by the live feedback image provided by the SEM, yield a strong
improvement in thermal contact resistance and a higher accuracy in its estimation. The
results — thermal resistance at the tip-sample contact of 188 £3.7 K/pW and thermal
conductivity of the nanowire of 13.7 1.6 W/m-K — are obtained by performing a series
of approach curves on the dots. Noteworthy, the technique allows measuring elastic
properties at the same time — the moment of inertia of the nanowire is found to be
(6.1£1.0) x1073%m* —, which permits to correlate the respective effects of the rough
shell on heat dissipation and on the nanowire stiffness. The work highlights the ca-
pabilities of the dual SThM/SEM instrument, in particular the interest of systematic

approach curves with well-positioned and monitored tip motion.



Introduction

Over the last years, nanotechnology has become more and more accessible thanks to the
standardization of fabrication processes. Progressively sophisticated nanostructures have
become available, such as thin films, nanodots, or nanowires, which have found a wide range
of applications in the fields of photonics, quantum computing, or catalysis among others.!™
One of the breakthrough possibilities that these materials offer is the high dependence of
the thermal conductance with the size. This feature allows fine control of heat transport.
This finds a very direct application in thermoelectric materials, where the decoupling of the
thermal conductivity from the electronic properties has yielded highly efficient thermoelectric
nanomaterials. %7

In order to follow the progress of new micro- and nano-structural concepts, instrumen-
tation and measurement techniques suitable for these scales are in constant development.
Numerous techniques are currently available for exploring thermal transport in materials at
such scales, with some of the most common ones relying on the assessment of changes in
electrical conductivity. These techniques, such as the 3w method® or nanocalorimeters,? re-
quire the implementation of the materials on complex microdevices, which differ significantly
from the actual integration conditions. On the other hand, alternative techniques based on
optical variations such as thermoreflectance!® and micro-Raman thermography!! offer ad-
vantages such as faster measurements, non-invasiveness, and lower complexity in sample
preparation. However they are all limited in spatial resolution due to the light diffraction
limit. Additionally, accurately determining the absorbed input power, a crucial parameter
for determining thermal properties, can be challenging. In this context, Scanning Probe Mi-
croscopy (SPM)-based techniques — more specifically Scanning Thermal Microscopy (SThM)
— provide a nanometer-scale spatially resolved alternative.!? Indeed, this technique has been
widely applied to 2D nanostructures such as thin films, suspended membranes and even 2D
materials such as graphene.'®* However, one of the most challenging aspects during the

first decades of development of the technique has been the lack of quantitative methods for



the analysis of the sample conductance, due to the complex shape of the sensors and their
contacts with the samples. This issue has been partially solved by the development of Finite
Element Method (FEM) models of the probes. 17

A limitation of this technique is that most commonly used commercial SThM probes such
as the micrometric Wollaston or the nanometric Pd/nitride thin film one present large apex
angles (~45°)!820 and thus they easily suffer of lateral interaction over high aspect ratio
samples.?! Over these types of samples, the signal change due to variations in the contact area
can be of the same order of magnitude as the signal of the nano/microstructure of interest
as it will be discussed along this work. Hence, the access to the intrinsic material properties
becomes complex in these cases since the noise subtraction is often extremely difficult to
perform. In a prior work, some of the authors applied a procedure based on performing
discrete z-approaches with the aim of overcoming this issue.?! However, accurately aiming
the aforementioned approaches over the samples remains challenging even if a topography
map can be performed without damaging the sample. This issue motivated a first generation
of combined SEM/SPM systems.?* 24

In this context, this works presents the first-time reported use of a dual scanning elec-
tron and thermal microscope setup for probing a suspended nanowire. This investigation
allows determining simultaneously the mechanical and thermal properties of high aspect ra-
tio nanostructures. Here, a horizontally suspended epitaxially integrated silicon nanowire
is studied. A discrete z-approach SThM procedure is used, similar to that developed pre-
viously?! but in vacuum and with live monitoring of the tip position. The thermal study
is enabled by solving the issue of uncontrolled tip-sample contact in vacuum. Quantitative
analysis of the data is achieved by fine-tuning a Finite Element Method model of the em-
ployed Pd/nitride thin film probe. It is shown that while decreasing thermal conductivity

the rough shell of the nanowire actually makes it stiffer.



Results and discussion

System and sample description

The NW studied in this work is expitaxially integrated at both ends in the same way as those
NWs reported in prior works,?52%26 as illustrated in Figure la. The NW has a length of
17.3 pm, an average diameter of 57.2nm, and it is suspended at a distance of 2.5 pm over the
substrate (see Figure S1). A rough surface full of protuberances with an average thickness
of roughly 50 nm resulting from the growth process of the NW? is observed (see Figure S1).
Additionally, several platinum dots were selectively deposited along the NW length. These
nanodots are expected to increase the tip-NW contact area?”?® and thus reduce the high
thermal contact resistance expected in vacuum?” and homogenize this value along the NW.
Indeed, the roughness of the NW is a challenge for vacuum-operated SThM and, furthermore,
it presents a noticeable length dependence. Additionally, dots also serve as position beacons
along the NW length and thus help in the localization of the contact points, reducing the
spatial uncertainty. A couple of those dots were deposited over the bulk silicon so they could
be used as a reference for the thermal contact resistance contribution of the dots themselves.

A custom-made AFM system with Attocube piezo-actuators was used in order to perform
the experiments, as illustrated in Figure 1b. This AFM can be inserted within a Nova
nanoSEM 450 stage (see Figure S2 for further details),?® which not only provides the vacuum
environment but also allows the user to get live visual feedback of the tip-sample relative
position as depicted in Figure 1c¢ and d. Contrary to prior SThM experiments in atmospheric

21 in this approach no topography map prior to the measurements was needed

conditions,
thanks to the higher spatial accuracy of the SEM imaging feedback. Additionally, SEM
allows to precisely align an optical fiber over the probe (Figure 1d). This enables the use of
a highly sensitive interferometer for the deflection readout instead of the classical reflected

laser-photodiode configuration.

The thermal data acquisition subsystem of the set-up relies on a simple Wheatstone
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Figure 1: a) SEM top image of the probed NW, showing the Pt dots deposited on the bulk and
NW. The position where the probe contacted the bare NW are also indicated. b) Schematics
of the AFM set-up. ¢) Tilted SEM image of the tip close to the sample, showing the cantilever
and the optical fiber aligned ~30pm above. d) Zoomed view showing the probe apex close
to the suspended NW. The convexity of the probe apex over its symmetry plane can be
appreciated.



bridge fed by a constant current source (see Figure S3). The system works in temperature
contrast mode, where the measured signal (V4p) is amplified by a gain factor K¢, filtered
with a low-pass filter with a 3 Hz cut-off frequency, and recorded. The Vg signal is used to
obtain the tip electrical resistance Ry, by the Wheatstone bridge relationship:

_ RyRplsp —Vap/Kag (Ra+ Rp)

Ry, = 1
e Rulsp+ Vap/Ka (1)

being Igp the supplied current. Then, using a calibrated factor (004,/0ARy,), the
electrical resistance variations of the tip can be translated into tip temperature variations

and related to changes in the overall thermal conductance:

2
. Rp+R
G — Qtip . ItzipRtip ) 8ARtip o (ISP RA+R\J/B+R1‘3/+Rtip> Rtip ] 8ARtip (2)
0 ARy, My ) ARy, iy )

A FEM model of the 2°¢ generation Pd /nitride probe manufactured by KNT is built upon
optical and SEM imaging of the probe (Figure S4). A reduced number of fit parameters is
required simultaneously by relating the metal thin film thermal and electrical conductivi-
ties through the Wiedemann-Franz law (see Supp. Section: Finite Element Model of the
Pd/nitride thin film cantilever). Then, the model is fine-tuned using manufacturer speci-
fications and linear fits of the experimental data. Figure S5 shows the calibration curves,
namely an electrical resistance evaluation under different furnace temperatures (Figure Sha)
and a self-heating curve under vacuum (Figure S5b). Figure 2a shows the temperature dis-
tribution of the SThM probe calculated using the calibrated FEM model. A summary of
the parameters used for the model is shown in Table S1. With the FEM model fitted, the
tip electrical resistance change while being self-heated can directly be related to changes in
the tip apex temperature as shown in the inset of Figure 2b. This slope 00;,/0ARy;, value
allows using Equation 2 to compute the thermal conductance G changes recorded. Note-

worthly, this approach is only valid if the contact with the sample does not alter significantly
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the longitudinal symmetry axis of the probe when G¢ < 20nW/K. The inset shows the
temperature increase at the tip apex as a function of the overall tip resistance variation AR.



the temperature distribution on the probe. In other words, if the sample conductance — in-
cluding the contact — is negligible compared to the cantilever intrinsic conductance. As it

shown in Figure S6, this assumption holds for G¢ < 20nW /K.

Mechanical properties

With the precise positioning of the optical fiber over the SThM tip (see Figure 1d), the
interferometer signal can be used to determine the force applied to the NW. The elastic
constant of the tip K, . was determined to be 0.155 N/m after calibration with a reference
cantilever as detailed in the experimental Supp. Section: Force calibration.

Figure 3a compares the force curves obtained for approaches over the bulk and different
positions along the NW. The slope of the curves after contact or, equivalently, the step of the
derivative (Figure 3b), decreases as the position of the tip is more centered on the NW. This
slope — or step — represents the equivalent elastic constant of the system K.,. The observed
trend is expected for a mechanical system composed of two springs in series (the NW Ky

and the probe cantilever K, .) according to the following expression:

1

K., = . 3
q K;[%/V_i_Kfl ( )

probe

The NW exhibits a crystalline core and a very rough surface of with branches. In order
to study their individual mechanical contributions, the NW is considered as a solid core
surrounded by a shell with an effective porosity (inset of Figure 3c). This estimation assumes
a fully elastic and in-phase bending of the outer shell, implying a continuous layer behaviour.
This is an over-simplification of the mechanics taking place in the rough shell, but it provides
straightforward insights about the impact of the shell on the total bending of inertia. Since
the NW is epitaxially connected at both ends,? the elastic constant as a function of the
tip position y can be described using the solution for a double-clamped rod with a punctual

force at y (the SThM apex):3!



3EIL?
(L/2+y)* (L/2 —y)*

where E is the Young modulus, L the NW length, and I is the NW equivalent bending

(4)

Knw(y) =

moment of inertia. The latter accounts for the sum of the solid core with diameter ¢.o e
(assuming a circular section) and the partially-voided rough shell with thickness tg e =
Gshell/2 — Peore/2 and a solid fraction W. In this simplified model, moments of inertia can be
simply added,3? and the effective one can be described as:

I= g—_4 307’6 + W ( ghell - chore) : (5)

Figure 3¢ shows the resulting NW elastic constant Ky as a function of the tip position
y calculated using Equation 3. Here, K., values were fitted from the force first derivative
as a function of the tip height curves exemplified in Figure 3b using a step function and
then averaged for each tip position. The solid line of the chart represents the fit of these
data. Since there is no evidence in literature®33° that the Young modulus varies for NWs
of the studied diameter range, Equation 4 can be used to compute the effective moment of
inertia I of the NW. Therefore, a value of F = 188 GPa — corresponding to silicon bulk in
the <111> direction — can be used.34* In this way, a value for I of (6.1+1.0) x1073°m*
is obtained. This value is significantly larger that the one expected for the silicon NW core
alone ((5.25+1.0) x107*' m*) and cannot be explained with lateral displacements in the
horizontal plane of the NW| since the SEM feedback proved otherwise. Noteworthy, while
the presence of the Pt nanodots could also have a partial role in stiffening the NW, it could
not explain it alone, as the coverage fraction of the NW is lower than 10%. Therefore, it is
likely that the observed stiffening is the result of the outer shell roughness contributing to
the total bending moment of inertia. Using Equation 5 and the dimensions extracted from
high-magnification SEM images of Figure S1 (core diameter of 57.2nm and rough shell of

thickness 50nm) a solid fraction of 15.3 % is calculated. This solid fraction value reasonably
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Figure 3: a) Force as a function of tip height curves performed over the bulk (red) and over
the central part of the NW (blue). Insets show SEM images of the tip position at the precise
moment of contact (z = 0). b) First derivative of the force as a function of tip height. Step
fits over these curves are used to calculate the equivalent elastic constant K., at each point.
c¢) Calculated nanowire elastic constant as a function of the tip position along the nanowire
from the fitted steps of (b) using Equation 3. Each point is the average of all the approach
curves performed over the same point and the error bar represents the stochastic variation.
The solid line illustrates the fit of the data using Equation 4. The shadow area represents
the systematic error derived from the calibration of the elastic constant scale.
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matches the observed morphology of the NW. Hence, while the model used cannot fully catch
the details of each of the individual bending contributions of the surface protrusions, this
obtained value highlights how the rough shell must play a significant role in the mechanical

properties of the NW, acting as a stiffening structure.

Thermal contact resistance

Under vacuum conditions, higher thermal contact resistances are expected since air cannot
help in transferring heat across rough or porous zones around the tip-sample mechanical con-
tact, and the contribution of the water meniscus due to ambient humidity is also negligible.
Without these two pathways, thermal contact resistances are driven by the solid-solid con-
tact, and become highly dependent on the sample topography and force applied !?!¢ among
others. Hence, the deposited platinum nanodots illustrated in Figure la are expected to
homogenize the contact resistances over bulk and NW and to improve heat dissipation to-
wards the core of the nanowire. This strengthens the assumption of using bulk approaches
to estimate the probe-dot thermal contact resistance Q¢ = 1/G¢, not likely to be valid over
bare nanowires. 2!

Figure 4a shows the thermal conductance change 0G — i.e. the total conductance G offset
by its value prior to the contact — as a function of the piezoelectric displacement in the z
axis. These curves were obtained by supplying 1.1 mA through the probe, which corresponds
to a tip temperature increase 6, of 112 K with respect to ambient as shown in Figure 2.
Here, 0., can be considered constant as long as the conductances measured are lower than
20nW/K as illustrated in Figure S6.

Measurements reported were carried out over the bare silicon surface and over the Pt
nanodots deposited on the bulk in order to assess the effects of the latter. From Figure 4a
it is not trivial to compute what the true value of G is in the bulk case. Alternatively,
this can be more easily calculated by plotting the changes in thermal conductances as a

function of the force as shown in the right charts of Figure 4. The fitting of the curve after

12
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Figure 4: Thermal conductance as a function of the z axis piezoelectric displacement for
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Pt nanodot deposited over the NW. ¢) Approaches over a Pt nanodot on the middle part of
the NW. The red approaches correspond to a contact with the tip apex while the blue ones
correspond to those with an increased area (moved 100 nm perpendicular to the NW axis).
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contact allows determining the true thermal contact conductance as Go = G(F = 0) and
thus Q¢ = G;'. Using these curves, Q¢ values of 150 6.3 K/pW and 188 £3.7 K/nW were
evaluated for the contact over Pt nanodots and bare silicon respectively. Calculated values
are significantly larger than those reported in other experiments using such tips but taking
place at larger pressures (see Table 1). The vacuum conditions achieved here are likely to be
responsible for the comparatively-larger Q¢ observed,3¢ and closer to those performed under
vacuum conditions.!"?737:38 Noteworthy, a new version of the commonly used Pd/nitride
probes was used in this work. This probe features a convex angle across the symmetry line
on the tilted section of the tip and a smaller apex angle respect to the previous models (see
Figure 1). This geometry is expected to reduce the contact area and thus G with respect to
the standard Pd/nitride probes. Additionally, significant changes in the variation of G with
the applied force F' can be appreciated between both studied cases. A larger dependence
when probing the sample over the Pt nanodots (1.63 W/K-N) is observed compared to the
contact over bare silicon (0.27 W/K-N). This is likely caused by the indentation of the SThM

tip on the Pt nanoparticle, which is softer than the Si bulk.
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Table 1: Comparison of different thermal contact resistances for the Pd/Nitride film probe
found in literature with the measured values of this work.

Qc Tprove Sample surface  Pressure Ref.
(K/nW) (K) (mBar)
4.09 + 0.11 - SiN 1000 39
1.15 + 0.06 421 Au 1000 40
48 +£0.31 328 Si N
1000 21
12.5 £ 0.61 376 Si, Ge, N
2.3+ 0.4 Si
338 0.28 29
1.4 4+ 0.1 Ge
66.6 + 4.4 Si N
388 0.28 27
100 + 40 Si NR
68.9 & 5.6 § ZnFeO 1.3 x 1073 17
416 £35 - Si0, <107 5
188 + 3.7 Si RN '
385 <1074 This work
150 + 6.3 Pt
94 +02 333 Si 105 "
6.0+ 02 373 Au
545+ 1 308 Si0, 2 x 1076 57

N 'With a native oxide layer.

15
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In Figure 4b, a similar approach is followed over the NW in order to asses the effects of
the deposited nanodots compared to the rough surface of the NW. A nanodot close to the
bulk is used (P1 of Figure la corresponding to a distance from the bulk of 1.4 um) since the
equivalent NW conductance is higher there and thus the differences in G are more evident.
As illustrated in the left chart of Figure 4b, a difference of 3.5 K/nW is observed between
the contact of both cases. Finally, in this case, the differences in slope are less evident —
0.54 W/K-N for the nanodot case versus the 0.36 W/K-N of the bare NW case — since the
NW bending partially masks the indentation effect observed over bulk.

Aside of the effects of the Pt dots on the thermal contact mentioned before, one of the
most challenging issues to tackle when probing NWs with SThM is to ensure a reproducible
effective contact area along the experiment. As depicted in Figure 4c, the effects of contacting
the NW with a part of the tip belly instead of the apex significantly increases the available
contact area and thus decreases (). Here, the NW was first contacted with the probe apex
and then it was moved forward — ¢.e. perpendicular to the NW axis — by 100nm. From
Figure 4c, the increase in contact conductance is 3.1nW /K. The associated reduction in
thermal contact resistance can be estimated with the following expression:

1 1

AQL = — : 6
© (5GIA 5GApem ( )

Thus, an increase of 2.7K/nW — i.e. 42% — with respect to the apex value Qép ““ s
obtained. This result highlights the relevance of a precise tip positioning over the sample in

order to ensure consistency among measurements.

Thermal conductivity determination

Figure 5a shows several approach curves on Pt nanodots at different positions along the
nanowire axis. A clear evolution can be observed in dG as the tip moved closer to the bulk.

Step sizes ranging from 3nW /K close to the NW center (P3 of Figure 1a) to 7.5nW /K at

16



the bulk were observed. In contrast, G¢ at the bulk reached up to 7.5 nW /K. Additionally,
contact points at the nanowire surface did not show significant differences in the fitted
conductance dependence with the applied force shown in the right side of Figure 5a.

The average variation of 0G — exemplified in the right side of Figure 5a — corresponds to
the contact conductance G = dG, and is provided as a function of the tip position y along
the whole NW in Figure 5b. Remarkably, no clear trend could be observed on the set of
points measured over the bare nanowire (grey points in Figure 5b), with all of them showing
lower G¢ than those performed over Pt dots. This indicates that the signal measured is
dominated by the contact resistance in such conditions.

Assuming that G¢(y) can be fully attributed to the creation of the new heat dissipa-
tion pathway though the NW, the local thermal resistances of the nanowire Quyw (y) were

calculated using the following expression: 2!

0G(y)™ = Qo+ Qv (y) = Qe + (i E — (%)QD : (7)

where A is the NW cross section, L is the NW length, and ¢ is the tip-nanodot thermal
contact resistance. Using Equation 7 and the (¢ values estimated before, the longitudinal
profile of Qnw(y) was resolved and represented in Figure 5¢ (see Figure S7 to compare
with the data acquired over the bare surface of the NWs). The inverse parabolic shape of
Qnw(y) matches the expected behavior for the double-clamped NW system. The solid line
represents the fit of the data using the definition of Quw(y). A fairly good symmetry is
observed in the curve and no () offset was required for the fit. This is an indication of a
very limited — if any — thermal contact resistance between nanowire and bulk — i.e. a full
epitaxial connection at both ends — that confirms the results of prior works.?® As result of the
fit, a thermal conductivity of 13.7£1.6 W/m-K is estimated for the NW. This value agrees
with the results obtained using atmospheric SThM of our prior work,?! but is substantially
more accurate in what regards reproducibility of the signal as the stochastic errors alone

would yield an uncertainty of £0.8 W/m-K. It is worth noticing how the accuracy of the

17
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Figure 5: a) Thermal conductance increase as a function of the z axis piezo displacement
curves for approaches over different deposited Pt nanodots along the nanowire (left). Insets
show SEM images of the tip position at the precise instant of contact (z = 0). The right
chart shows the thermal conductance increase of the same curves as a function of the force
applied. Solid lines represent the linear fit for each curve for all points with F' > 0. b) Contact
conductance G¢ as a function of the tip position over the bare NW (grey) and Pt dots (black).
Each point is the average of all the approach curves performed over the same point and the
error bar represents the stochastic uncertainty. Top shaded area represents the thermal
contact conductance expected for Pt dots over the bulk. Bottom shaded area represents the
minimum step that could be measured. ¢) Nanowire local thermal resistance as a function of
the tip position. The solid red line represents the fit of the data using Equation 7, while the
shadow area represents the systematic error derived from the calibration of the Qyy scale.
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measurement is not limited by the reproducibility of the approaches (stochastic variations),
but by the accuracy of the calibration (see Supp. Section: Thermal uncertainty analysis for
further details on the uncertainty estimation). The result is consistent with studies relating
the degree of surface roughness with an enhanced phonon scattering.*'*? The value also
matches x estimations performed using fully electrical measurements?® in the same kind of

43745 employing

wires and is also consistent with the theoretical predictions for rough NWs
again a fully diffuse model (specularity parameter p = 0) and estimated Surface-to-Volume

Ratios (SVR) in the order of 0.015nm™",

Conclusions

This work reports the first-time use of a dual SEM-SThM approach for the simultaneous
evaluation of thermal and elastic properties of nanowires. It illustrates the advantages of
the experiment compared to standard SThM measurements with Pd/nitride probes. A
discrete series of z-approaches was carried out in order to probe the studied silicon NW,
with recorded curves showing high reproducibility. Combined with an FEM modeling of the
SThM probe, this allows obtaining an accurate thermal resistance profile along the studied
NW. Mechanical properties of the NW were evaluated at the same time, highlighting the
elastic behavior of a double-clamped rod. Noteworthy, the rough surface of the NWs — which
can be seen as a porous shell — effectively stiffens the NW. The thermal studies in vacuum
were realized by the deposition of Pt nanodots, which reduce and homogenize the tip-sample
thermal contact resistance, which is usually uncontrolled for rough structures. The thermal
conductivity of the studied nanowire was calculated to be 13.7£1.6 W/m-K, while thermal
contact resistance at the clamping of the nanowire could not be singled out, demonstrating
the high epitaxial contact. Improvements in the modeling of Pd/nitride thin film SThM
probes should foster accuracy, as it is currently the main source of uncertainty.

Overall, the thermal conductance measurements have shown to be a convenient proce-
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dure for the thermal evaluation of high aspect ratio integrated nanostructures. The combined
SEM/SThM platform offers a very promising instrument for the thermal evaluation of com-
plex integrated nanostructures, in particular electrically-insulating or optically-transparent

ones which cannot be addressed by electro-thermal or optical techniques, respectively.

Experimental

Sample preparation

Bottom-up Si NW was grown by means of the Vapour Liquid Solid (VLS) mechanism within
a First Nano EasyTube 3000 Chemical Vapour Deposition (CVD) reactor following the proce-
dure described elsewhere.?646 The nanodots were deposited using the precursor gas injection
system of a Zeiss Auriga SEM. Microdevices were fabricated in cleanroom facilities employ-
ing a series of photolithography, metal evaporation and wet and dry etching microfabrication

steps. 2125

Force calibration

The elastic calibration process of the KNT cantilever consists of the comparison of the tip
in-contact deflection sensitivity 0z/0Ig when probed over the bulk and over a reference can-
tilever of the same material and known elastic constant K,.¢. Thus, the following expression

can be used:*"4®

0205 e L\
K=K t|—————-1|| — 8
! (8z/8[5]bulk L — AL ( )
where L is the reference cantilever length, AL is the distance from the edge of the

reference cantilever to the contact point and [g is the photodiode/interferometer signal.
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Thermal calibration

The thermal calibration process of the Pd/nitride thin film probe is detailed in the following
steps: i) A self-heating curve is carried out in vacuum, as represented in Figure Sha. This
curve is also used to identify a supplied current value that does not generate self-heating.
ii) Overall tip electrical resistance direct evaluation under homogeneous furnace temperatures
is carried out. Supplied current is set to a low value, preventing self-heating effects. iii) A
probe FEM model is built according to the probe manufacturer specifications and refined
using optical and SEM images of the tip Figure S4, allowing to determine shapes with sub-
micrometer uncertainties. A key part of the process is to obtain self-consistent values for
the electrical resistances and temperature coefficient of electrical resistances for the different
materials involved (see Supp. Section: Finite Element Model of the Pd/nitride thin film
cantilever for explanations). Note that the FEM step is required due to the complex shape of
the probe and the fact that homogeneous heating and self-heating cannot be matched without
including such a feature. The model is adjusted using the experimental data acquired in the
first two points. iv) The customized FEM model is used to predict the temperature at the tip
apex as a function of the resistance of that particular tested probe. This calibration curve
allows converting the measured electrical resistance variations in changes of temperature,

which can be subsequently translated into thermal conductances using Equation 2.
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Finite Element Model of the Pd/nitride thin film cantilever

The conversion of measured tip resistance change in thermal conductances described by Equation 2
of the core manuscript relies on the use of a Finite Element Model (FEM) of the tip as highlighted in
Figure 2a. Geometrical dimensions were determined from the probe analysis performed in Figure S4
and fixed constants. As depicted in the right lower corner of Figure 1lc, because the bulk material
was over-etched at the base of the nitride cantilever in the used tip, a fraction of the membrane
needs to be simulated as well in order to account for this additional thermal resistance. The only
geometrical free parameters were the gold and platinum thicknesses which were used to adjust
each of the tip electrical resistances, namely Pd, Au, and NiCr thin films. In order to avoid many
computationally expensive simulations with the FEM code, a first approximation of those values
could be carried out using the approaches described by Puyoo et al.,?° Pic et al.*® and Guen et

al.%0 Tt consists in solving the following system of equations:

Rtip = RPd + Rau + RN'L'CT‘ (Sl)

Rtip Qltip = Rpqapg + Ray asy + Byior anicr, (82)

where the tip global electrical resistance Ry, and its temperature coefficient of resistance v
can be determined from the data of Figure Sha. Complementary, as described in Table S1, Ry;cr

was directly measured using microprobes, and the different material temperature coefficients of

20,51

resistance «; are taken from the literature. The solution of this equation yields a first approx-

imation of the electrical resistance of each part. Then, making use of the dependence of R;(h;)

obtained by the FEM model, they can be converted in thickness (h;) values. The thin-film elec-

52,53

trical conductivities were obtained from literature, whereas thermal conductivities of metals



were estimated using Wiedemann—Franz law. In these assumptions, a constant ratio between bulk
and thin-film conductivities is expected both for electrical and thermal terms as both magnitudes

are directly proportional in metals:

O film
R film = Kbulk . (83)
Obulk

Finally, the FEM is fine-tuned by varying the thermal conductivity of the nitride thin film —
which is known to significantly vary with the deposition process from 0.5 up to 8 W/m-K°>* — and
by minor changes in the metal thin films thicknesses in order to precisely match both self-heating
and furnace curve simultaneously (Figure S5). Once calibrated, a sample conductance is added
to the apex of the probe in the FEM. As Figure S6 illustrates, this boundary condition allows to
estimate the effects for high contact conductances on the temperature distribution of the probe.
Ultimately, the variation in tip temperature caused by the presence of a highly conductive sample
marks the upper limit of conductance measurable under the assumption of constant tip temperature

operation. ®®

Mechanical uncertainty analysis

Systematic errors in the force curve are derived from the calibration process. They can be condensed
in the coefficient OF/OV used to convert the interferometer voltage readout into the force applied.
It basically depends on two sources, the one associated with the tip elastic constant Kp,ope = 0F /02

determination and the error derived from the fit of 9V/0z:

€oFjov = \/(EKprobe)2 + (cov/o:)” (54)

An overall systematic error is estimated in 5.6% for the force measurement. However, the
stochastic variation of the measurement, i.e. the reproducibility of the steps carried out over the
same point, also contributes to the uncertainty of the measurement. In those cases, an average
standard variation of the global elastic constant K, is estimated to be 16.1%. Hence, the error in
the estimation of the NW elastic constant is derived from the systematic error of 9F/9V and the

average variation of K4, resulting in a total error of 17.0%.



€KNyw = \/(68F/8V)2 -+ (UKeq)2 (SH)

Thermal uncertainty analysis

A noticeable variation was found in the electrical resistance with null dissipated power Rp—y during
the experiment. Figure S5b compares the curves taken before and after the experiment. This
is likely due to drift in the electrical contact of the tip during the experiment, as the overall
dependence with the dissipated power does not change. Thus, these changes are attributed to the
power-independent contribution of the tip resistance and do not affect the tip calibration sensitivity
aip. The effect on the calculated conductance is corrected over the experimental data by computing
the dissipated heat of each curve with the resistance measured at that precise moment. Since all
conductance curves are offset with their absolute value, changes in their base value produced by
the tip-sample interactions can be compared safely between each data-set.

Systematic errors of the measurements can be condensed in the coefficient oy;, related to the
slope of the inset of Figure 2 though ay;;, = R;;@R/ OT}ip. This parameter is used to translate the
measured electrical changes in the tip electrical resistance into changes of the thermal conductance.

It can be described as:

2 2
€G = €ayy = \/ (EaRtip/aP) + (ﬁaRﬁp/aT) + (Canuran)’ + (€Ryic,) (S6)

where ¢; denotes the relative error of the variable ¢. The first two error terms are related to the
fittings of the calibration data used (ORy,/0P and 0Ry;,/0T'). Typically the uncertainty in Ryicy
arises from the variability of the fabrication process compared to the tip specifications. However,
the values used in this work were experimentally measured and therefore the error is negligible.
Then, the error of the a4, R 4., product arises from the differences between reported values and the
tuned values used to adjust the model to the calibration data. A high interdependence between
this value and the thicknesses of the Pd and Au films was found, making this factor one of the
main sources of error for the estimation of ay;,. Hence, the overall systematic error is estimated in

10.7%



Additionally, a source of error arises from the approximation of a constant temperature rise at
the tip apex 6, during the contact event. The approximation assumes that the newly created heat
pathway at the apex of the tip G, is negligible compared to the cantilever conductance. Figure S6
illustrates the variation of 6y, obtained from the FEM presented in Figure 2 upon an increasing
contact conductance. For the range of G, studied in this work, a fluctuation of 1.6% is expected.

Another source of error is related to the stochastic variation of the measurement, i.e. the
reproducibility of the steps carried out over the same point. This uncertainty strongly depends on
the exact point of contact and thus the contact area. An average standard variation of AG of 2.7%
has been estimated for the case of steps over the bulk, and of 2.8% for the steps over the NWs.
This results in an overall uncertainty of 3.9%. Figure 2 differentiates this error from the systematic
ones described for o).

Finally, the error in the estimation of the thermal conductivity is derived from the measurement
of the actual NW diameter ¢ (5.3%), the systematic error derived from oy, (3.9%), and the average
variation of AG both on the NW and on the bulk (used to calculate the contact resistance). Hence

the estimation in the thermal conductivity results in a total error of 12.5%.

r =\ (266)? (€ary)” + (e0)? + (A1) + (o B20)’ (s7)



Supplementary figures
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Figure S1: SEM images of the NW diameter at both ends. The geometric-mean diameter

(¢ = VP1¢2) was used.
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Figure S2: Image of the device inserted in the SEM chamber.
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Figure S3: Diagram of the electrical and optical connection of the setup, showing the Wheat-
stone bridge and the interferometer used to determine tip conductance and the cantilever
deflection respectively. A signal amplifier with a gain factor Ks was before reading the
values with the data acquisition system (DAQ).
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Figure S4: Optical images of the used 2"¢ generation Pd/nitride thin film SThM probe
manufactured by KNT at different magnifications. a) Overview showing the Au tracks
from the pads (left) to the cantilever. b) NiCr thin film resistance located on the bulk.
c) Cantilever. d) Tip apex including the Pd resistor (grey). The image was taken tilting the

tip by 45°.
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Figure S5: a) Tip resistance as a function of temperature. The value was measured using
low current (100 pA) to prevent self-heating effects. b) Tip resistance as a function of the
dissipated power applied to the tip. The curve was measured before and after the SThM
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Table S1: Summary of the FEM parameters used to simulate the Pd /nitride thin film probe.

Palladium Gold Nickel-Chromide Nitride
Parameter Source Value Source  Value Source Value Source
g 1.25 x 10> Ref. 52 3.1 x 10* Ref. 16 10° Ref. - -
(S/cm) 53
a Ref. Ref. Ref.
(103K 1) 1650 =W 2051 U 20,51 )
K FEM
Eq. S3 89.7 Eq. S3 - - 4.3 .
(W/m-K) E a Fit
t Ref. 56 140  Ref. 56 - . 450 SEM
(nm)
Ry Eq. S1 Eq. S1 "
(@) and S2 45.0 and S2 185.9 Exp. - -

All values given at 300 K.

* Experimentally measured with microprobes.
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Figure S6: a) SThM probe temperature increase at the apex 6 as a function of the contact
conductance G¢ i.e. the total sample conductance including the contact resistance when
heated with a constant current of 1.1 mA (the same used during the experiments). The
range of values measured in this work are highlighted with the shaded area (1 — 10nW/K).
b) Cantilever temperature profiles analogous to Figure 2 for contact conductances ranging
from 1nW/K to 10 pW /K.
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Figure S7: Nanowire local thermal resistance as a function of the tip position along the NW

over Pt nanodots (black) or over bare rough surface of the NW (grey). Each point is the
average of all the approach curves performed over the same point.
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and on the nanowire stiffness are studied.
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