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S1 Thin film preparation

In order to perform out-of-plane heat transport analysis we used a step-like film matrix on top
of a Silicon substrate with a high thermal conductivity (150 W/(mK) S!). With help of ALD
(Beneq TFS 200) non-crystalline Al,O; and TiO, films were deposited. The thin films were
grown from Trimethylaluminium (TMA) and H,O. Both materials were let into the reaction
chamber as gas pulses with a duration of 150 ms followed by a 5 s nitrogen purge after each
pulse. The deposition of structured TiO, films was carried out in a similar process using
Titanium tetrachloride (TiCl,) and H,O.

In order to create step-structured ALD layers we have firstly masked the substrate with a
usual lumocolor pen (Figure Sla). Afterwards the first ALD process took place (Figure S1b)
followed by an additional masking step (Figure S1c) and a further ALD process (Figure S1d).
These steps can be repeated until the desired structure is prepeared. Afterwards, the areas
which were masked with the lumocolor pen, can be lifted off in isopropanol and actenoe and
one will get a step structure (Figure S1f). The film thicknesses were determined by use of a

Dektak150 surface profiler.
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Figure S1. Workflow to create step-like structured ALD layers. The step-like matrix allows to measure a

direct difference of thermal properties between films of varied thickness in direct relation to the substrate.

S2 Scanning near-field thermal microscopy
The SThM used in these thermal conductivity experiments is based on an AFM with laser
deflection method (Figure S2). A resistive probe (commercially available VITA-SThM

(Bruker) probe) is integrated into this AFM and is connected to a Wheatstone bridge.

uv
29—
Calibrating the system the output maximum of the bridge was determined to be K with a

mK

temperature oscillation amplitude sensitivity of VHZ limited by the maximal probe current.
According to Altes et al. 2 and Geinzer 53, the contact can be considered as an aperture under
near-field conditions and the bended thermal resistive wire of the probe can be considered as a
line-shaped nanoscale heat source (line-shaped nanoscale heat detector) as illustrated in

Figure S3. Therefore, the probe generates a heat wave of frequency 2w with cylindrical
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symmetry in a certain frequency range. The lower and upper cut off frequencies were

measured to be 3 kHz and 7.2 kHz respectively.
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Figure S2. Schematic of experimental setup.
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Figure S3. Detecting the source characteristic under near-field conditions S2.

Therefore, the input of the Wheatstone bridge is connected to a signal generator at an applied
frequency of 3.3 kHz and the output signal is amplified by a lock-in-amplifier (LIA) for signal
to noise ratio (SNR) enhancement and recorded by an electronic control unit (ECU). The
frequency selective and phase sensitive detection of the thermal signal is obtained by
connecting the signal generator to the reference input of the LIA. The ECU is controlling the
XYZ-piezo assembly to guarantee a constant low force between probe and sample 54,

AT =T fipm = Tsubstrate with a high sensitivity the Wheatstone bridge was

In order to measure
balanced when the probe was positioned in contact with the substrate. For further SNR
enhancement by averaging and integration, two-dimensional maps of the probe temperature

oscillation for different film thicknesses are obtained. Line measurements in vertical direction

to the thin film on substrate gradations were integrated and afterwards illustrated in a diagram.
3
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The measured integrated data on the film were averaged for the regions where the probe was
on the film and where the probe was on the substrate which could also be detected from the

topography image. AT was determined afterwards by the difference of these both signals.

S3 Diffusive out-of-plane heat transport
The measured data were compared with calculated and fitted curves in order to describe the

heat transport by diffusive out-of-plane heat transport as illustrated in Figure S4.
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Figure S4. Comparison of fitted curves using equations 6 and 8. In addition the calculated curve from

p=a? 2, —08W
= E 41,0, = 9877

equation 6 using mK and w = 100 nm jg jjiystrated.

AT = (0.048 +0001)K d
= . T m Yfim

Fitting the measured data according to equation 6 a will be

obtained. This will lead to an amplitude of the generated heat power per unit length

w w
P=39-10"°— 1, , =08— o ,
m for “2°3 mK and w =100 nm_which is 9 orders of magnitude less than the

AT =i

max
calculated value from hfum, Alternatively, a significant increase of the thermal

w
8-10°—
conductivity up to mK or a width of the probe of 25 cm must be considered - both do not

make any sense. Note Equations 6 and 7 result from models based on quantitative heat

transfer. In addition, the estimate of a decrease of the effective Afim has recently been derived
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by a variational approach to solve the BTE. ?* Taking all this together, we do not obtain a
better fit to the data as that shown by the empirical model using equation 8. Rather the

deviation to the measurement are even higher.

S4 Stefan-Boltzmann like heat transfer

In order to prove Stefan-Boltzmann like heat transfer in analogy to 556 the SThM probe

P

temperatures were measured at different electrical powers " etectr applied to heat the probe. The

T

temperatures were detected at steady state conditions in non-contact in vacuum * vac as well as

in contact on a 10 nm thick film Triim to take the heat dissipation into the supply lines of the
thermal probe into account. At moderate temperatures the radiation heat transfer between our
probe and chamber walls is negligible as only under extreme near-field conditions a
significant radiative heat transport occurs. The amount of blackbody radiative transfer of
thermal energy (a conductance of 250pW/K according to Ref. 2!) is 4 orders less at gaps of 10
nm than diffusive heat transport (calculated to be 1.04 puW/K respectively) on films with a

thickness of 10 nm. In addition, the thermal capacity of Couppt is temperature independent and

_ d Q suppl
Csuppl -

is given by dT | where dQy,y is the change of the stored heat, equation (2) will

finally lead in vacuum to

dr ,
Couppt” = = Qutectr ~ Qouppt =0 .
SUPPL g CelectrEsuppl T o steady state condition (S1)
Asuppl
:>Pelectr = lsuppl ’ l— ’ (Tvac - TO)
suppl (S2)

where Zsuppl, Asuppl, and lswp! are the effective thermal conductivity, the cross-sectional area,
and the length of the supply lines and To is the room temperature (thermal reservoir). The

dependency of the average probe temperature Tfim at steady state condition in contact with

the 10 nm thick film can be found in a similar way to A. A. Wilson et al. 5!2 as:
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Qelectr = quppl + Qsample (83)

=>Pelectr = T th ) (Tfilm - TO)

suppl
1
+ R th R th ' (Tfilm - TO)
R th diff "‘Stefan - Boltzmann
contact R th +R th
diff Stefan — Boltzmann (S4)

where Zsample is the heat flow through the film into the substrate. The first term on the right of
h
S4 represents the diffusive heat transport through the supply lines. Reontact is the thermal

th
contact resistance of the probe on the film. Raifr governs the probability and the amount of

4eitm )
Afilm )Vfilm "TT contact

. . . inlm = (1 - d (Tsurface - TO)
diffusive heat transport through the thin film ] film

assuming one-dimensional heat transport across the film. Tsurface is the surface temperature on
the film. 4fitm, Afitm_ and dfim are the thermal conductivity, the phonon mean-free path, and the

thickness of the film. "contact is the radius of the effective contact area of the probe.

th
Rstefan - Boltzmann depends on Tsurface and determines the contribution of Stefan-Boltzmann like

heat transport of phonons 87 multiplied with its relative weight as

B dfilm
p _  Afitm_ ,Stefan - Bolt 4 4
QStefan - Boltzmann = © Jitmea efanconthtzmann(Tsurface - TO) (SS)
AStefan - Boltzmann | . L.
where contact is the effective contact area for ballistic heat transport (
fitm
1 Afilm ,Stefan - Bolt 3 2 2, w3
th =e N "A efanwntgctzmann "o (Tsurface + TOTsurface + TsurfaceTO + TO))
RStefan - Boltzmann . g was
already calculated by Swartz and Pohl 38 and is given by:
T’k 1
7= 32_2
120"~ ¢y (S6)
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k

Here, "8 is Boltzmann's constant, I is the reduced Planck constant, and € is the velocity of

sound for the respective mode. These phonon velocities can be related to the specific heat 57

as

C-c

l

1673 (S7)

P

As the same electrical power " electr is applied to the SThM probe in contact and non-contact

we finally get

1
R—thl( vac ~ 0)_—l (Tfllm T)
supp supp
1
+ Rt p m (T pirm = To)
th def Stefan - Boltzmann
Rcontact th
Rdlff + RStefan - Boltzmann
th
lff + RStefan - Baltzmann{
- th \Tsurf ace ~ TO)
l.ff RStefan—Boltzmann (SS)

It should be noted that in case of a 10 nm thick non-crystalline Al,O; film where

1
% 4107

3 . ..

Afitm mK” (ysing sound velocities Clongitudinal of 8700 m/s ) and A4;03=0.47 nm S10,
Stefan - Boltzmann 2

at Tsurface =400 K A" contact " = M eontact, the contribution of ballistic transport is 2.4x108

th th
time larger than diffusive heat transport (Raifr is parallel to Rstefan - Boltzmann) even when the

probability of Stefan-Boltzmann like heat transport is very small as

Yritm
QStefan - Boltzmann e Afitm o 2 3
-Q = dfilm ’ df'l ’ 1 (Tsurface +T Tsu‘rface + TsurfaceTO + TO)
dif fusive _ Jum film
(1 _e um

(S9)

Therefore, S8 can be approximated by
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1 1
= T (Tvac - Tfilm) = th th ’ (Tfilm - TO)
Rsuppl th Rdiff ' RStefan - Boltzmann
Rcontact + th
Raifr
th
_ Rde f (T _T )
th th \" surface 0
Rdiff ’ RStefan - Boltzmann (S 10)
1 1
. (Tvac - Tfilm) = th th ) (Tfilm - TO)
Rsuppl Rcontact + RStefan - Boltzmann

1 (
= th \Tsurface - TO)
RStefan - Boltzmann (S 1 1)

Furthermore, it should be noted that no temperature gradient within the film occurs in case of

Tsurface is equal to T fitm

dominant ballistic Stefan-Boltzmann like heat transport 87. Therefore,
at contact areas responsible for ballistic heat transport as can be depicted from Figure S5. The

other areas are negligible as the surface temperature Tsurface is less than ! fim, Consequently

we get:
fitm
1 Afilm_ 4 Stefan - Bolt 4 4
R T (Tvac - Tfilm) =e & "oA Efanconthtzmann(Tfilm - TO)
suppl (S12)
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Figure S5. Illustration of tip apex on thin film. The indicated contact areas are estimated to dominate Stefan-

Boltzmann heat transport as TSWf ace = Tf ilm._ Ballistic and diffusive heat transport mechanisms of phonons as

described by A. Majumdar 5" are visualized in addition.

The transition of the dominating ballistic regime, which is indicated by a constant AT due to a

film thickness independent Stefan-Boltzmann like heat transport, to the regime where heat
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transport through the thin film will become diffusive is taken to estimate A, for non-

crystalline Al,O3 and TiO; films as illustrated in Figure S6.
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Figure S6. Determination of film thicknesses (a) dg,, = 26 nm for Al;Os and b) dg,, = 17 nm for TiO;) where
heat transport through the thin film will end to be dominated by ballistic Stefan-Boltzmann like mechanisms.

TiO, has higher thermal conductivity than Al,O;, as can be directly detected from the

saturation value of AT for thick films (bulk limit). Using the 3w-technique we found the

Jrig. = 36—
110, mK on a 300 nm *

thermal conductivity of our non-crystalline TiO, bulk material is
6 nm film. This is in agreement for non-crystalline TiO, films compared to several other
literature data as summarized inS!!. The value of constant AT of thin-film and probe for ultra-
thin films is one order less for TiO,, indicating a less surface roughness in this case. The
lower surface roughness can also be concluded from diffusion heat transport investigations for
a certain range of sample thermal conductivity 5! as "contact and the thermal contact resistance

are constant. The intersections of the constant AT of ballistic transport behaviors and the

onsets of the increase of AT were determined to be dfm = 26 nm for Al,Oz and djy,, = 17 nm

AStefan - Boltzmann __

2
for TiO,. Finally, Ay, can be estimated assuming contact ~ M contact by
Aeiim
T[rcon%act A film 2 4 4
ﬂfilm ) d— ) (Tfilm - TO) =e o_nrcontact(Tfilm - TO)
film (S 1 3)
A _ dfilm
film =~
. ( Afilm ) . (T fitm = To)
. 4 4
@ giom) (T it = T) (S14)
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