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ABSTRACT

Measurements of transport phenomena are constantly plagued by contact resistance, prohibiting the sample’s intrinsic electrical or thermal
conductivity from being accurately determined. This predicament is particularly severe in thermal transport measurements due to the
inability to meet similar impedance requirements for a four-probe method used in electrical resistance measurements. Here, we invent a
three-probe measurement method that makes an accurate determination of thermal conductivity possible for nanomaterials. Incorporating
electron beam heating provided by a scanning electron microscope (SEM) on a diffusive thermal conductor not only quantifies the thermal
contact resistance, which may introduce an error of more than 270% to a sample’s thermal conductivity, but also eliminates several device
uncertainties that may contribute an additional 17% error in a measurement. The method also enables local temperature measurements,
revealing nanoscale structural variations unfound by SEM. The high accuracy of the technique would make standardization of nanoscale ther-

mal transport measurement possible.

Published under an exclusive license by AIP Publishing. https://doi.org/10.1063/5.0201873

Since the introduction of micro-thermal bridges as thermal con-
ductivity measurement platforms for individual one-dimensional
nanomaterials,"” a plethora of interesting phenomena have been dis-
covered. For example, the thermal conductivity of Si nanowires can be
tuned via surface scatterings of phonons,” reducing it beyond the
Casimir limit.” On the other hand, the thermal conductivity of nylon
nanofibers can be enhanced by three orders of magnitudes via low-
temperature annealing. In addition, anomalous violations of the
Wiedemann-Franz law are discovered,” featuring possible non-Fermi
liquid behaviors. Furthermore, the thermal conductivities of various
nanowires,” '~ nanotubes,”'* and graphene ribbons display superdiffu-
sive thermal transport phenomena.'” Recently, a remarkable enhance-
ment of thermal conductivity has been observed in SiC nanowires with
gold coatings on the ends, attributing to the contribution from surface
phonon polaritons.'® However, because all experiments mentioned
earlier are based on a two-probe method employing micro-thermal

bridges, the measured total resistance (Roa1) Of the system unavoidably
consists of the following terms:

Riotal = Rc, left + Rsample + Rcrighh 1)

where Rt and R ign are the contact resistance of the left and right
probe, respectively. Thus, even though the precision of the micro-
thermal bridge measurement can reach pWK ' regime at room tem-
perature,’” the presence of non-zero R.jq or R righe has always
obscured the intrinsic resistance (Rgample) and thermal conductivity
(Ksample) Of the sample to be accurately determined. Many remarkable
discoveries mentioned above would be questioned if researchers could
not quantitatively address the contributions from R e and R yight.

For electrical measurement, we have a four-probe method to
resolve the problem. In a four-probe configuration, the outer two
probes inject/collect electrical current to/from the system, and the
inner two probes measure voltage difference across the sample.
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The principle of the four-probe method relies on the input impedance
of the voltage meter to be much larger than Rg, e s that insignificant
electrical currents can leak into the voltage meter, resulting in negligi-
ble contact resistance at the inner probes. The four-probe method can
generally be applied to diffusive or ballistic conductors, even though
the latter would give Rgmple=0 in the four-probe conﬁguration.18
However, because the thermal conductivities of materials span a much
smaller range than electrical conductivities, no probe-based thermom-
eters could exhibit sufficiently good thermal insulation for applying
the analogy of the four-probe method to thermal transport
measurements.

The two-probe thermal transport measurements employing the
micro-thermal bridges are based on the circuit model shown in
Fig. 1(a). Here, an investigated sample is anchored across two micro-
thermometers, which are usually made of Pt films deposited on
suspended SiN microbeams (supplementary material, S1). The micro-
thermometer can serve as a thermal current sensor. Additionally,
because one can apply Joule heating power to raise its temperature, it
can also serve as a thermal current source (i.e., a heater). Without loss
of generality, we assign the left/right micro-thermometer to serve as a
heater/sensor. When a Joule heating is applied to the heater to create a
temperature difference across the sample, the temperatures of the
heater and the sensor are, respectively, raised above the ambient tem-
perature (Ty) by Tp= (cpea/%ei) AR and Ty = (Cq right/Oright) ARuight
(where o and oyigye are the temperature coefficient of resistance of
the Pt films of the left and the right micro-thermometer, and ¢, jes and
Csright are geometric correction factors that relate the measured resis-
tance change of the left micro-thermometer (ARy) and the right
micro-thermometer (AR;gp) to the local temperature Ty and Ty where
the nanowire is anchored at the heater and sensor, respectively). From
Fig. 1(a), the total thermal resistance of the system is obtained using
the following relation:

Kb right Tr
Py =1V : — Ko T
. <KD,left Tt + Kpright Tr Doright TR @)
1R
Rtotal TL - TR ’

where Py is the heat flux flowing through the sample and detected by
the right micro-thermometer, IV is the total Joule heating power,

a 7,47, To+T,

1/ KD,right

1/KD,Ieft
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Kpeft and Kp igns are, respectively, the thermal conductance of the left
and the right micro-thermometer.

Many factors in Eq. (2) would prohibit accurate measurements of
Rgample- First, the two-probe method makes R e and R igh insepara-
ble from Rgymple- Second, relating the measured ARy and ARigne to
the local temperature T7 and Ty in a real device based on the circuit
model shown in Fig. 1(a) is far from trivial. For example, estimating
the Kp e and Kp yighe would be difficult even if a nanowire is anchored
at the center of a micro-thermal bridge shown in Fig. 1(b). On the
other hand, difficulties in estimating cp 1 and ¢, gn May arise when a
nanowire’s position deviates from the center of a thermal micro-
bridge, as depicted in Fig. 1(c) (supplementary material, S2).

Many researchers have made efforts to solve the problem.
Repeating a series of two-probe measurements using different nano-
wires of distinct lengths can be carried out to obtain the length-
dependent thermal resistance behavior (R(x)).”'' '’ The contact
thermal resistance is obtained via R(x — 0) = Re et + Rc righe- However,
the experimental procedure is inefficient, and it is established on an
unjustified assumption that Reje -+ Re righe T€mains a constant for dif-
ferent nanowires. On the other hand, a multi-probe method has been
introduced to deduce R.s from Ri,’s at distinct sections of the
probes.”” *' However, the separation of the probes must be larger than
micrometers to ensure that the background near-field thermal radia-
tion between nearby probes is negligible. Hsiao et al. have employed a
nanomanipulator to study Ri(x) of two nanowires in series and
assumed the minimum value occurs when the contact thermal resis-
tance between the two nanowires is negligible.” However, R and
R right of the system remain unknown. Recently, intriguing thermal
transport phenomena carried by surface phonon-polaritons have been
suggested in gold-coated SiC nanowires and SiO, nanoribbons using
micro-thermal bridges.'®** Pan et al. obtain R(x) by repeatedly cutting
and transferring the same SiC nanowire to evaluate R. Je&+Rc)right.l()
However, it is a time-consuming task, and many failures can be fore-
seen during the laborious processes.

Alternatively, combining a scanning electron microscope (SEM)
with the micro-thermal bridge has facilitated thermal conductance
measurements across heterojunctions and interfaces.”” *° Here, the
heat currents generated by the electron beam are detected by two inde-
pendent micro-thermometers at the ends, and R(x) is obtained using
the following relation:

FIG. 1. (a) An equivalent thermal circuit for a micro-thermal bridge. (b) and (c) SEM images of a micro-thermal bridge with a nanowire connected to it. The temperature rises at
the ends of a nanowire are denoted as T, (red dot) and Tr (orange dot), respectively. The thermal resistance of the left and the right micro-thermometer are denoted as 1/Kp et
and 1/Kp rigny, respectively. Note that the position and the angle of the investigated nanowire connected to the micro-thermal bridge will affect the effective Kp e, Ko rights Che, and

Cs,right-
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)

{ To = Per (R( = x) + 1/Kpyetr) = Per (R(x) + 1/Kpsight)
Reotal = R(x) + R(l — x)

where T, is the local temperature underneath the electron beam
heating, [ is the length of the nanowire, P,y and P,y are the heat flux
flowing collected by the left and right thermometers, respectively.
Note that a diffusive sum rule has been imposed in the second equa-
tion, which is different from the ballistic sum rule, i.e., Rigta1 > (Riefo
Rright)max [Where (Riefy Rright)max denotes the maximum value of the
set (Rief Riighe) of two ballistic conductors connected in series].”
Because the electron beam heating method is capable of reaching
~20nm resolution,” coinciding with the length scale of phonon
mean free path of many materials, the diffusive sum rule implicitly
used in the works is exclusively applicable to diffusive conductors
Only.19721,23

Here, we introduce a universal three-probe thermal transport
measurement method to solve the problem. The method consists of
three steps. First, the experimental procedure employed for the two-
probe measurement expressed in Eq. (2) is conducted to set the ref-
erence zeros of the left micro-thermometer (i.e., P, + Pr=0), as
shown in Fig. 2(a). Second, the thermal current (P.=P.; + P.r)
injected by an electron beam at position x, respectively, raises the left
and the right micro-thermometer to T, and T, above the ambient
temperature Ty, as shown in Fig. 2(b). Third, the temperature of the
left micro-thermometer is raised to T/ at which the thermal current
flowing out of it (—Pg) balances with the incoming P,y (ie.,
—Pr+ P.1.=0), as shown in Fig. 2(c). Based on the zeroth law of
thermodynamics, we have Ty = T, (where T, is the local temperature
at x when Ty is reached). When the condition is satisfied, P, would
flow to the right micro-thermometer and further raise its tempera-
ture to Tg. We have

ARTICLE pubs.aip.org/aip/apl

T, — Ty =T, — Ty = P.R(I — x),
T, — Ty T.—Tx (4)
p, PR

Thus, the zeroth law of thermodynamics is used for determining T%,
and Fourier’s law (i.e., heat flux is proportional to the temperature gra-
dient) is employed for obtaining T, and R(I — x) without imposing any
other assumptions associated with diffusive transport.

We now describe the experimental procedures in terms of the
directly measured quantities ARjes VS ARjighe. Following our definition
of heat flow, P (or ARyg) becomes more negative when Joule heating
is increased at the left in step 1, as illustrated in Fig. 2(d). In step 2, the
electron beam heating at x creates an incoming (positive) heat flux,
respectively, adding ARyq and ARjgpn to the left and right micro-
thermometers, as shown in Fig. 2(e). The total heating power of the
electron beam is P, =P, + P.r. In step 3, we repeat step 1 with the
presence of the electron beam heating, as shown in Fig. 2(f). The ARq
VS ARjighe can be converted to Ty, vs (P, + P, ) relations, as described
in previous paragraph and shown in Fig. 2(g). Based on the zeroth law
of thermodynamics, T; =T, happens when P; +P.; =—Pr+P.p
=0, corresponding to the intersection point denoted in Fig. 2(g). At
the same time, P + P.r = P, is satisfied and all net P, flows to the
right micro-thermometer. We note that both Pp+P.;=0 and
PR+ P = P, can be used as independent conditions for determining
T;. Thus, the associated T, can be obtained by the two independent
methods as well. To distinguish, we denote them T and T rignis
determined, respectively, from the left micro-thermometer being used
as a heater and the right micro-thermometer serving as a sensor. The
procedures described in Figs. 2(a-f) are repeated at different x as well
as swapping the heater/sensor roles of the left and right micro-
thermometers to obtain R(x). Because the method based on Eq. (3) has

a P]' d 1 (1) Joule heating w/o ebeam 2
Ty ) "
Heater Sensor § I .
T 4 Increasing x
R G Se 14
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To TO AR,
b e gl) Measure ebeam power
14 '3 -
P P « P <
e.L -
Sensor ? % NeR Sensor %, | & Fer 9; 0
/_,/" ""-\\\_ = « » -
o S = Al %Py aQ
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— . - -1
| 1lT) Joule heating with ebeam|
C f 14 i .
T Fol
H . Sensor 5]
eater T! 14 -2 r T
= 1 0 1 3 4
2
0 10 20 30 40 50 T

4R

lett

FIG. 2. The universal method of thermal transport measurement. (a) and (d) Step 1, an increasing Joule heating power is applied to the left micro-thermometer and ARy Vs
ARyght is measured. (b) and (e) Step 2, an electron beam is positioned at x, whose heating power, respectively, flowing to the left [Pe| = (Ch ef/oe) ARier] and the right [Pe g
= (Cs right/®tright) ARvignt] micro-thermometer is measured. (c) and (f) step 3, repeating step 1 while keeping the electron beam heating at x. The arrows denote the flows of ther-
mal currents. (g) The AR VS ARig relations are converted to T, vs (P.+Pe), and the steps 1-3 are repeated when relocating the electron beam positions. The shaded
circles intersecting at P +P. = 0 denote the T when the electron beam moves away (i.e., increasing x) from the left micro-thermometer.
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employed the simplified diffusive sum rule and the method depicted in
Eq. (4) and Fig. 2 roots on a universal thermodynamic law, we name
the former “simplified method” and ours as the “universal method.” In
addition, applying consistency of the two methods enables us to deter-
mine cplefe and Cgrighy further reducing the uncertainties of Kgmple
(supplementary material, S3). Moreover, for a diffusive thermal con-
ductor with homogeneous material properties, T,(x) would be a para-
bolic curve determined by the variables of R jefss Re sight Kp,lefi and Kp,
right (supplementary material, $4). The theoretical fitting of T(x) will
unravel deviations from the homogeneous assumptions at the nano-
scale. We will apply these methods to investigate R(x) and T,(x) of var-
ious samples.

Figures 3(a)-3(c) show the SEM image, R(x), R(I — x), T jeips(),
and T, ignes(x) of a 200 um-long SiNy microbeam with a 30 nm-thick
Pt film deposited on it. Here, R(x) displays diffusive conduction, and
its T,(x) shows a parabolic curve for a homogeneous sample.
Curiously, Rjer=0.023 MK/W is three times larger than Rjgn
=0.007 MK/W even though the SiNy beam and the left/right micro-
thermometer are made of identical materials. Because a focused ion

ARTICLE pubs.aip.org/aip/apl

beam (FIB) has been employed to remove the Pt film near the contacts
to ensure electrical insulation between the left and the right micro-
thermometers, we attribute the effect to the dissimilar invasive cutting
processes that lead to the finite and different R.’s. Because samples
shown in Figs. 3(b) and S2(e) (supplementary material, S3) are made
from the same wafer, we can compare the results to test the precision
of our method. Without removing the contributions of R et and R righe
the thermal conductivities of Figs. 3(b) and S2(e) would differ by
8%. After removing the contributions of R and Rcights Ksample
from the two samples differ by 2% only, demonstrating the high
accuracy and precision of our measurements.

Figures 3(d)-3(f) show the SEM image, R(x), R(I — x), Teer(X),
and T, igns(x) of a stoichiometric SizNj nanow1re Although R(x) dis-
plays diffusive behavior with Kgmpe=84Wm™ 'K Tu(x) strongly
deviates from the expected parabolic shape and shows a pronounced
peak at the center of the nanowire. From the SEM image shown in
Fig. 3(d), we find that a nanoparticle is attached at the center of the
nanowire, coinciding with the peak in Fig. 3(f). When high-energy
electrons interact with a sample, they undergo a stochastic process
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FIG. 3. (Left panels) SEM images, (middle panels) R(x), R(I-x) measured by the two methods, and (right panels) the corresponding Ts er(X) and Te rignes(x). (a)—(c) @ 200 um-
long SiN, microbeam, which is made by the same wafer as the similar microbeam shown in Fig. 3(c). (d)—(f) a stoichiometric SizN4 nanowire. Note that a nanoparticle (denoted
by a red arrow) is attached to it and contributes to the peak of Te(x). (g)-(i) a 3C-SiC nanowire, where the contact of the nanowire was loosely connected to the right micro-
thermometer and then significantly improved after carbon deposition [shown in the inset of (g)]. The theoretical T(x) of a homogeneous diffusive thermal conductor is shown as

a dashed curve in (c), (f), and (i).
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within a penetration depth and dissipate their energy into heat.””
Under a 5kV electron beam, the penetration depth is estimated to be
390 nm for SizN, (supplementary material, S5), which is smaller than
the diameter (D=500nm) of the nanowire. Thus, the peak can be
attributed to the enhanced cross-sectional interaction between the elec-
tron beam and the nanoparticle.

Figures 3(g)-3(i) show the SEM image, R(x), R(I — x), Teeferi(%),
and T, yigns(x) of a 3C-SiC nanowire. The R(x) and T, display diffusive
thermal conduction with Kgmple = 15.5 Wm 'K}, which is compa-
rable to similar 3C-SiC nanowires (Ksample = 14.7-287Wm 'K ™)
measured by Pan et al.'® Because the nanowire diameter (D = 255 nm)

ARTICLE pubs.aip.org/aip/apl

investigated here is much larger than those (D =47-77 nm) measured
by Pan et. al, the result may suggest that surface scatterings of phonons
are not significant in Pan et al’s samples. Note that R} = 0.251 and
Rerignt =729 MK/W are found to be significantly reduced after
employing electron-beam-induced carbon deposition at both contacts,
resulting in R jer=0.083 and R igne=0.818 MK/W, respectively,
shown in Fig. 3(i). The capability to distinguish Rjer and Reigne
and to quantify their variations has never been reported in previous
works.

Figures 4(a)-4(l) show the SEM images, R(x), and T,(x) of four
Ni nanowires. Interestingly, although the Ni nanowires are synthesized
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FIG. 4. (Left panels) SEM images, (middle panels) R(x), R(l-x) measured by the two methods, and (right panels) the corresponding T, jer(X) and T rignes(). (@)—(c) a 1.2 um-
long, D =300 nm Ni nanowire. (d)-(f) a 1.2 um-long, D =680 nm Ni nanowire. (g)-(i) a 3.8 um-long, D =450 nm Ni nanowire. (j)—(I) a 1.4 um-long, D =400 nm Ni nanowire.
After removing the contact thermal resistance, rsampie are found to be 73.1, 39.4, 64.8, and 61.4Wm K", respectively. The theoretical T(x) of a homogeneous diffusive
thermal conductor is shown as a dashed curve in (c), (f), (i), and ().
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and collected from the same batch, their measured quantities display
distinct characteristics. For example, Kgmpie Varies from 39.4 to
731 Wm~ 'K, which is 40%-75% of the thermal conductivity of
bulk Ni. In addition, no simple correlation is found between Ksmple
and the nanowires’ diameters. In addition, R et and R ign¢ vary from
0.056 to 0.443 MK/W, and the associated interfacial thermal conduc-
tance G.=1/(AR.), (where A is the physical contact area estimated
from their SEM images) also changes from 3.58 to 18.76 MW/m’K
even though the same Pt/C deposition processes have been applied to
the four samples. From the data of R jeft» Re right and A, we could not
find a simple relationship between them, suggesting that factors
affecting R.’s are more complex in realistic situations. Curiously, R(x)
of all samples display diffusive transport except for Ni#3, whose R(x)
and R(L — x) show deviations from a linear relationship starting at
x=2.5um. After a closer inspection of the SEM image of Ni#3, we
find that the deviation can be attributed to the diameter increase at
x>2.5um. Interestingly, T.(x) of Ni#2 and Ni#3 show deviations
from the expected parabolic curve, yet no pronounced structural var-
iations are found in their SEM images. From their similarities to the
shape of T,(x) in Fig. 3(f), we speculate that they could originate from
enhanced thermal absorption of nanoparticles hidden beneath the
Ni#2 and Ni#3 nanowires. The results demonstrate that oxidation,
grain boundaries, nanowire diameters, surface structures, and contact
deposition processes could all affect #gample Of metallic nanowires,”
and one should not naively anticipate that different nanomaterials
would display identical thermal transport properties. We have sum-
marized our results in a Table (supplementary material, S6). From
our data, we find that R jef + Rerighe may contribute more than 73%
of Riya, Which would introduce an error of more than 270% to
Ksample- Moreover, the uncertainties of geometric factors, if simply
using parameters provided by simulations, may add an additional
17% error to a measurement (supplementary material, S2, S3, and
S6).

For non-diffusive thermal conductors, the assumption imposed
by the simplified method may not hold, and disagreements between
the two methods would indicate interesting phenomena.
Disagreements may also happen when the thermal radiation loss of a
nanowire becomes significant. Nevertheless, many extraordinary phe-
nomena associated with the thermal transport of individual nanowires
have been reported since the introduction of the two-probe thermal
conductivity measurement employing micro-thermal bridges. Yet the
method is constantly plagued by the difficulties of quantifying the con-
tributions from the contacts. The universal three-probe method intro-
duced here would make standardization of nanoscale thermal
transport measurements possible.

See the supplementary material for details of experimental meth-
ods and analyses.
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S1. Device fabrication and sample preparation

The fabrication of the thermal micro-bridges initiated with the preparation of a
400-nm-thick low-stress SiNx film on both sides of a Si substrate through low-pressure
chemical vapor deposition (LPCVD). Subsequently, the wafer underwent dehydration
baking at 125°C for 30 minutes. A positive photoresist layer (Shipley S1813) was then
spin-coated onto the Si wafer at 4000 rpm for 45 seconds, followed by a soft-bake at
120°C for 90 seconds. The wafer was exposed using an MA6 SUSS mask aligner in
hard contact mode and developed for 30 seconds in developer MF-319 to imprint the
desired pattern onto the wafer. Subsequently, a thin film of Cr(5nm)/Pt(30nm) was
deposited using electron beam evaporation, followed by a standard lift-off procedure.
Another round of lithography was employed to define the top-side SiNx pattern and
backside window pattern. The exposed SiNx film regions on both sides of the wafer
were etched using a PlasmaPro system 100 RIE (Oxford Instruments) with CHF3/02
Chemistry. Following the SiNx film etching, tetramethylammonium hydroxide (TMAH)
was utilized to etch the exposed Si regions, leading to the release of suspended SiNx
beams as the underlying Si was selectively etched away.

The SiC nanoparticles and nanowires were purchased from Novarials (Catalog

1



Number: NovaWire-SiC-100-RD). The Ni nanowires were made using anodic
aluminum oxide (AAQ) as a template and employed electron beam evaporation to
deposit a 300nm thick Ni layer as the seed layer for electroplating processes. Then the
AAO was removed by KOH. The detailed procedures can be found in Sadin et al.!

S2. Ch,lefts Cs,right Suggested by simulation
Following Eq. (2) in the main text, the total thermal conductance of the system can

be rewritten as:

1 VI KprightTR __ Kprignt
T./Tr—1

(ST)

Reotal  TL-TR KpeftTLtKDrigntTR
where [V 1s the total Joule heating power, Kp.left and Kb right are respectively the thermal
conductance of the left and the right micro-thermometer. Moreover, T1=(ch,lef/ Oleft) A Rieft
and Tr=(Cs,right/Oright)4 Rright, where aieft and aright are the temperature coefficient of
resistance of the Pt film films of the left and the right micro-thermometer, and ch,left and
Csright are geometric correction factors that relate the measured resistance change of the
left micro-thermometer (4Rieft) and the right micro-thermometer (4R:ignt) to the local
temperature 71 and 7r where the nanowire is anchored at the left micro-thermometer
(the default heater) and the right micro-thermometer (the default sensor), respectively.
As mentioned in the main text, we can make aieft and aright be absorbed in the new
dimensionless fitting parameter csight/chlet. Here we employ COMSOL multiphysics
simulation and Eq. (S1) to read out the local temperatures (71, 7r) at the ends of a
nanowire as well as the simulated average temperatures (A4Rieft/aueft, ARright/aright) When
the left/right micro-thermometer is used as a heater/sensor. Their ratios would
determine (chjleft, Csright). Thus, we may see how (chleft, Csright) change for different
experimental configurations. For the COMSOL simulation. the thermal conductivity of
Si3N4 is k=10 Wm™'K"!. Thermal insulation is set as the boundary condition for all Si3N4

beams except the ends where they are connected to a heat sink of 300K.
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Fig. S1. Simulated temperature distribution of a 200nm wide SisN4 nanowire with xsmple =10 Wm'K!
anchored (a, c) at the center, (b, d) off-centered, and (c, f) at angle oblique angle on a pair of micro-
thermometers made by (a-c) 800um-long Si3N4 beams with 100nm-thick Pt films on it. (d-f) SizsN4 pads
with 100nm-thick patterned Pt films on it. We use line average to read the simulated ARjer/auere and
ARight/oigni. The local temperature 71, and 7r are obtained from the ends of nanowire is anchored at the

ends of the heater and the sensor, respectively.

Figures S1(a-c) display the simulated temperature map of a 200nm wide Si3N4
nanowire with ksample =10 Wm K" anchored at the center, off-centered, and at an
oblique angle of a pair of micro-thermometers made of 800um-long Si3N4 beams with
100nm-thick Pt films on it. To correctly give Ksample, the (ch,left, Csright) are found to be
(1.47, 1.00), (1.47, 1.00), and (1.46, 1.00), respectively. Thus, csright/ch,1efi=0.68 is
suggested by the simulation for devices like Fig. S1(a-c).

Figures S1(d-f) show the simulated temperature map of a 200nm wide SizN4
nanowire with ksample =10 Wm K" anchored at the center, off-centered, and at an
oblique angle of a pair of micro-thermometers made of Si3N4 pads with 100nm-thick
patterned Pt films on it. The (ch,left, Csright) are found to be (1.006, 1.026), (1.000, 1.044),
and (0.995, 1.079), respectively. Notably, if two-probe measurements are employed for
measuring ARief/atert and ARright/Oright, (Ch,left, Csright) becomes (1.215, 1.513), (1.237,
1.531), and (1.203, 1.594), respectively. Thus, csright/chlefi=1.24 is suggested by the
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simulation for devices like Fig. S1(d-f).

It should be noted that when one employs simulations to obtain the above
parameters, the following assumptions are unavoidable: (i) the heater and the sensor are
made of uniform beams with homogeneous material properties, (i1) the left and the right
micro-thermometers are identical. (iii) the micro-thermometers are free from surface
contaminations. Thus, in addition to the unknown Re,eft and Rec.right, many unjustified
assumptions imposed by the two-probe thermal transport measurement may prohibited

accurate determination of Rsample.

S3. Fitting processes for ch,erc and cs rignt

To illustrate how the fitting process works, we first note that the first equation in
Eq. (2) in the main text suggests that Kprignt7rR is a fraction of /}J and the ratio
(Cs.rightatiett)/(ch leftaright) 1S sufficient to determine Riotal. Thus, we may let aueft and auright be
absorbed in the new dimensionless fitting parameter csright/ch left. Figures S2(a & b)
show the results of R(x), R(I-x), Te,iefiti(x), and Te righs(x) of a S0um-long SiNx beam with
a 30nm-thick Pt film deposited on it. Given the initial fitting parameters:
Csright/Ch,1ef=0.667, Kp1ei=1x107° W/K, and K righ=1x10° W/K, Figs. S2(a & b) show
that both methods give R(x) and R(L-x) to be linearly increased with length, suggesting
diffusive thermal conduction. In general, we find that the fitting parameters do not
affect the observed diffusive behavior even though the values in the y-axis can be
rescaled. As shown in Fig. S2(c & d), we then vary the fitting parameters until they give
consistent results. The multiple data from R(x), R(L-x), Teleriri(x), and Te rights(x) allow
us to find a unique set of fitting parameters: s right/ch,1ei=0.6, Kp.1ei=1.45x106 W/K, and
Kpyrigh=1.5%10° W/K. From the final result shown in Fig. S2(e), we can read
Rejefi=R(x 20)=0.016 MK/W and Rcight=R(l-x 20)=0.029 MK/W. In addition, both
methods also give consistent results of e fir(x) and Te rignis(x), as displayed in Fig. 3(f).
We note that for a diffusive thermal conductor with homogeneous material properties,
Te(x) would be a parabolic curve determined by the variables of Rc eft, Re.right, KD, left, and
Kb right (see supplemental material S4). We have inputted the parameters obtained above
and found the theoretical curve gives a good fit to the experimental result, as shown in
Fig. 3(f). The result suggests that the sample is a diffusive conductor with homogenous
material properties and its Ksample=9.7 Wm™'K'!,
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Fig. S2. Fitting processes for obtaining consistent R(x) (left triangles), R(/-x) (right triangles) measured
by the simplified method (open symbols) and the universal method (solid symbols), and the
corresponding T sm(x) (dark blue) and T rigns(x) (red) of a SiNy beam. (a, b) Using initial parameters
Csright/Ch1ef=0.667,  Kpjer=1x10°% W/K, and Kpigh=1x10° W/K. (c, d) Using csyright/Chicr=0.6,
Kper=1.2x10° W/K, and Kprign=1.2x10% W/K. (e, ) Consistent results are obtained using
Cs.right/Ch1ef=0.6, Kper=1.45%10° W/K, and Kprign=1.5%10% W/K. The theoretical T.(x) of a

homogeneous diffusive thermal conductor is shown as a dashed curve in (f).

S4. T. of a diffusive conductor
In this section, we will derive the temperature rise (7e(x)) of a diffusive thermal
conductor anchored across a micro-thermal bridge when it is heated by an electron
beam at x.
Equation (3) of the main text can be rewritten as:
(Pe = Pep)(Reotar — ax + 1/KD,left) = Pe,R(l/KD,right + ax)
Note that the diffusive condition has been imposed here, i.e. R(x)=ox. In addition, Re,left
and Rcright can be respectively absorbed into 1/Kp,eft and 1/Kp right without affecting the
result. Thus we have
Pe (Rtotal —ax + 1/KD,left)
Rtotal + 1/KD,left + 1/KD,right

T, = (1/KD,right + ax)
After rearranging

T,
Fe

_ _azxz + a(Rtotal + 1/KD,left - 1/KD,rightt)x + Rtotal/KD,right + 1/KD,rightKD,left
Riotar + 1/Kpert + 1/Kp right
From the above equation, it can be concluded that the normalized 7e is a concave

Rtotalt1/Kpieft—1/Kp right If

parabolic curve with the maximum value occurring at x = v
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the thermal conductance of both sides are the same, the maximum occurs at the center
of the nanowire, i.e. x=1I/2. It can be further proved that the normalized 7 is invariant

when swapping the labels of Kp,left and Kpright.

SS. Simulated penetration depth of a SKV electron beam

The penetration depth of an electron beam to Si3N4 is simulated using the CASINO
Monte Carlo program (Version 3.3.0.4) using the MONSEL Defaults model.> The
model incorporates the Browning approach for calculating the Mott elastic scattering
cross-section and the Joy and Luo model,>* which has been further modified by
Lowney? to calculate inelastic scattering energy loss (dE/dS). Based on previous studies,
the simulation has been verified to give good agreements with experimental results.®’
We input 100,000 electrons under acceleration voltages Viee =5 KV and see the
absorbance (4) for different thickness of SizNa.
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Fig. S3. Simulated thickness vs. absorbance (4) of a Si3N4 film under V,.. =5 KV. The penetration depth

is found to be 390nm.

We vary the thickness of a Si3N4 film to investigate its absorbance (4). As shown
in Fig. S3, A would monotonically increase when the thickness increases and saturates
at a constant value, indicating zero electron transmission. From Fig. S3, we estimate
the penetration depth of Si3N4 under Vice =5 KV is 390nm. The result explains the
observed peak of Ter(x) (dark blue) and T rignrs(x) in Fig. 3(f) of the main text.

S6. Data summary

Table S1. Experimentally measured quantities

Sample Length Diameter Ksample Reeft Ge eft Rc,right Gc,right

(um) (nm) (Wm'K?Y) | (MK/W) |  MW/m?K) | (MK/W) | (MW/m?K)




SiNx 50 2000 9.7 0.016 86.81 0.029 47.89
beaml (width)

430

(thickness)
SiNg 200 2000 9.5 0.023 60.39 0.007 198.41
beam?2 (width)

430

(thickness)
SizNy 20.2 500 8.4 0.421 2.38 0.273 3.66
SiC 117 255 15.5 0.083 23.62 0.818 24
Ni #1 1.2 300 73.1 0.22 10.82 0.47 5.07
Ni#2 1.2 680 394 0.056 18.76 0.102 10.3
Ni #3 3.8 450 64.8 0.313 5.07 0.443 3.58
Ni #4 1.4 400 61.4 0.147 12.15 0.324 5.51

Table S2. Fitting parameters

Sample Kpefi Kb right Cs right/ Chleft Cs right/ Ch,left Error in Riotal
(LW/K) | (WW/K) | (fitted) (simulation) | [1-(simulation/fitted)]

SiNybeaml | 1.45 L.5 0.6 0.68 -13.3%

SiNybeam2 | 1.5 1.45 0.71 0.68 4.2%

Si3Ny 1.8 1.7 0.688 0.68 1.2%

SiC 1.8 2.0 0.581 0.68 -17%

Ni #1 0.84 0.92 1.33 1.24 6.8%

Ni #2 0.88 0.81 1.19 1.24 -4.2%

Ni #3 0.84 0.79 1.27 1.24 2.4%

Ni #4 0.86 0.91 1.22 1.24 -1.6%

Note that two-probe electrical resistance measurements are employed for measuring
Th=(cn,lef/aueft)ARiett and Ts=(Cs right/ ttright)A Rright of the Ni nanowires.

From Table S2, we find the fitting results suggest c; ign/cn1er=0.581~0.71 for devices
like Fig. 3(a,d,g) whereas the simulation suggests cgign/chier=0.68. Thus, relying on
simulation results would lead to an error as large as 17%. In summary, if one employs
simulated (ch,left, Csright) in Eq. (S1) to determine Riotal without the going through the
fitting process described in S3, the result would introduce 17% (for devices like Fig.
S1(a-c)) and 6.8% (for devices like Fig. S1(d-f)) error in obtaining Riotal using Eq. (2)
or (S1), respectively.
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