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ABSTRACT

Accurate knowledge of thermal transport in amorphous oxides is essential for effective thermal management in advanced semiconductor
and cryogenic electronic devices. In this work, we investigate the through-plane thermal conductivity (κz) of amorphous HfO2=SiO2 nanola-
minates fabricated by atomic layer deposition across the temperature range from 30 to 315 K. These multilayers serve as a model system for
studying heat transport in amorphous thin films, where interfacial effects may significantly influence thermal conduction. Thermal conduc-
tivities were determined using the differential 3ω method and analyzed within the framework of the heat equation. A composite model
combining the minimum thermal conductivity approach for the individual amorphous layers with the diffuse mismatch model for interfa-
cial effects quantitatively reproduces the experimental data. The multilayers exhibit low thermal conductivities of 0:77+ 0:08 and
0:050+ 0:0015Wm�1 K�1 at 300 and 30 K, respectively.

© 2026 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(https://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/5.0312700

I. INTRODUCTION

The relentless dimensional scaling of three-dimensional semi-
conductor architectures, such as fin field-effect transistors
(FinFETs)1–6 and gate-all-around FETs (GAAFETs),3,7,8 has ren-
dered thermal management a central challenge for continued
CMOS technology advancement.9–11 Scaling-induced constraints,
i.e., reduced cross-sectional area and the integration of thick high-k
dielectric layers, significantly increase the effective thermal resis-
tance. This leads to elevated device self heating and, therefore, to
accelerated degradation mechanisms like bias temperature instabil-
ity, hot carrier injection, and electromigration.12,13

Conversely, high thermal resistances can be highly advanta-
geous in other specialized device contexts. In resistive random
access memory (RRAM),14–16 for instance, localized thermal con-
finement enhances the efficiency of filament formation and

rupture, enabling lower power switching.17–19 Furthermore, achiev-
ing efficient thermal isolation is vital in cryogenic electronics used
for, e.g., quantum computing, where temperature-sensitive
quantum devices must be shielded from the heat generated by dis-
sipative CMOS control circuitry.20–27

Modern (cryogenic) transistor stacks rely on amorphous
dielectric films like silicon dioxide (SiO2)

28–31 and the high-k mate-
rial hafnium dioxide (HfO2).

3,32,33 Accurate determination of their
thermal transport properties, especially when interfaced, is, there-
fore, highly desirable. Amorphous HfO2=SiO2 nanolaminates serve
as an attractive model system, as the multilayer architecture enables
systematic tuning of thermal resistance via stack and interface engi-
neering while preventing HfO2 crystallization.

34–36

Additionally, experimental studies on fully amorphous oxide
multilayers remain limited,37–39 especially when compared to the
extensive literature on metal–non-metal40–46 and crystalline
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multilayers.44,47–53 From a theoretical perspective, heat transport in
amorphous solids is generally less well understood than in crystal-
line materials due to the absence of long-range order and, there-
fore, the breakdown of phonon-based transport models.54–61

Motivated by this gap in knowledge, we investigate the
through-plane thermal conductivity of a technologically relevant
amorphous oxide multilayer system: namely, HfO2=SiO2 nanolami-
nates. While isolated films have been studied previously,62–65 this
work provides a comprehensive characterization of their nanolami-
nates over a wide temperature range of 30–315 K, utilizing struc-
tures fabricated via ALD on a 300 mm wafer platform using fully
CMOS-compatible processes. The resulting experimental data are
analyzed within the framework of diffusive heat transport using a
composite model that combines the minimum thermal conductiv-
ity approach56,66,67 for the individual amorphous layers with the
DMM68 for interfacial effects. We observe satisfactory agreement
between the measured data and the composite model, underscoring
the role of interfacial effects in suppressing heat transport.

II. NANOLAMINATE DEPOSITION AND
CHARACTERIZATION

A. Nanolaminate deposition

Amorphous HfO2=SiO2 nanolaminates were deposited using
ALD on 300mm wafer tools in a standard ISO class 6 cleanroom
environment. Specifically, the amorphous HfO2 layers were depos-
ited in a Pulsar 3000 reactor, using hafnium chloride (HfCl4) and
water (H2O) as precursors, with nitrogen (N2) as the purge gas.
The deposition was carried out at 523 K. Amorphous SiO2 was
deposited using plasma-enhanced ALD in an EmerALD process
module. The process utilized BDEAS—bis(diethylamino)silane
(SAM24) and oxygen as the oxidant. The plasma power was set to
50W, and the substrate temperature was maintained at 323 K.

Using this approach, four distinct nanolaminate structures were
fabricated. All multilayer samples were designed with a 1:1 total thick-
ness ratio of amorphous HfO2 to amorphous SiO2. Three of the
samples were non-graded, consisting of 10, 15, and 20 bilayers, respec-
tively, each produced with a nominal single layer thickness of 10 nm.

The fourth sample was a graded 20-bilayer structure, designed
to have the same total HfO2 and SiO2 thickness, and the same
number of interfaces, as the non-graded 20-bilayer sample. The
single layer thicknesses in this graded sample were varied according
to an exponential growth profile, specifically designed with
nominal layer thicknesses of 1.0, 1.3, 1.5, 1.8, 2.2, 2.6, 3.2, 3.8, 4.6,
5.5, 6.6, 8.0, 9.5, 11.4, 13.7, 16.5, 19.9, 23.9, 28.7, and 34.5 nm
[for a visual representation, see Fig. 1(a)].

B. Bright-field transmission electron microscopy
(BF-TEM)

A BF-TEM cross-sectional image of the graded HfO2=SiO2

multilayer is shown in Fig. 1(a). The image was acquired at an
accelerating voltage of 200 kV using a Tecnai F20 microscope from
Thermo Fisher Scientific. Sharp, well-defined interfaces between
the individual layers are clearly observed.

C. X-ray reflectometry (XRR) measurements

The film thickness of the HfO2=SiO2 nanolaminates (see
Table I) were estimated from XRR measurements. The measure-
ments were performed on a Bede Metrix F diffractometer using Cu
Kα1 radiation (λ ¼ 1:540 56Å) in coupled Ω–2θ geometry. An
example XRR measurement is shown in Fig. 2.

D. Sputter x-ray photo electron spectroscopy
(sputter-XPS)

The stoichiometry of the deposited HfO2 and SiO2 thin films
was determined by sputter-XPS measurements. These were per-
formed using a PHI Quantes scanning XPS/HAXPES microprobe
(Physical Electronics) equipped with a monochromatic Al Kα x-ray
source (λ ¼ 8:3401Å) and an Arþ ion sputter source for depth pro-
filing. Figure 3 shows a representative data set from the graded
20-bilayer HfO2=SiO2 sample. Atomic concentrations were calcu-
lated using corrected relative sensitivity factors, where the standard
values70 were adjusted for the instrument-specific asymmetry and
transmission functions. The films exhibit stoichiometries close to
their nominal values within typical XPS uncertainties, indicating

FIG. 1. (a) BF-TEM cross-sectional image of a focused ion beam lamella prepared from the graded 20-bilayer HfO2=SiO2 nanolaminate. (b) Schematic illustration of the
nanolaminate structure: alternating HfO2=SiO2 layers on a nominal 100 nm SiO2 film on a 775 μm Si (100) wafer, with a 3ω heater on top (not to scale). (c) False-colored
top-down optical micrograph of a representative e-beam shadowmask-evaporated Ni 3ω heater structure used for thermal measurements. Nominally, the heater has a
length of l ¼ 1:5mm, width of b ¼ 75μm, and thickness of t ¼ 60 nm.
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high chemical uniformity across the individual layers. The reduced
modulation amplitude observed in the deeper part of the stack can
be attributed to the finite information depth of XPS (several nano-
meters), which leads to signal averaging across multiple ultrathin
layers. Additional attenuation of the layer contrast may arise from
sputter-induced intermixing during the depth profiling process.

E. Thin-film x-ray diffractometry (XRD)

Complementary to the chemical analysis, XRD measurements
were conducted to evaluate the structural properties of the films. The
measurements were carried out using a Bruker D8 Discover diffrac-
tometer in standard θ–2θ geometry with Cu Kα1 radiation
(λ ¼ 1:540 56Å). Example measurements, along with simulated
diffraction patterns of potential crystalline phases, are presented in
Fig. 4. The XRD results indicate that the samples are (predominantly)
amorphous, as evidenced by the absence of distinct diffraction peaks.

F. Atomic force microscopy (AFM) measurements

To assess the surface roughness profile and identify potential
microcrystalline features, AFM measurements were performed
using a Cypher S system (Asylum Research). Scans were acquired
on a 1� 1μm2 area with a 512� 512 equidistant point grid.
Measurements employed Bruker OLTESPA-R3 probes, character-
ized by a nominal tip radius of 7 nm. Tip integrity was routinely
verified using a TipCheck calibration standard (BudgetSensors) to
maintain measurement accuracy.72 Representative surface rough-
ness plots for the N-bilayer HfO2=SiO2 samples and the graded
20-bilayer HfO2=SiO2 samples are shown in Figs. 5(a) and 5(b),
respectively. The N-bilayer samples, with a nominal layer thickness
of 10 nm, exhibit a typical random rough surface characteristic of
amorphous thin films. In contrast, Fig. 5(b) reveals features sugges-
tive of sparsely distributed nanocrystallites on the order of a few
tens of nanometers. These are most likely attributed to the thicker
HfO2 layers near the surface of the graded 20-bilayer HfO2=SiO2

sample.34–36 The potential nanocrystalline features of the graded
20-bilayer HfO2=SiO2 sample might not have been detected by XRD
measurements due to their low volume fraction and small size,
which reduce the diffraction signal below the detection threshold.

III. THERMAL CONDUCTIVITY MEASUREMENTS AND
RESULTS

We determined κz of our HfO2=SiO2 nanolaminates using the
differential 3ω method.63,73,74 For this purpose, 60 nm-thick Ni
thin-film heaters/thermometers were fabricated directly on top of
the nanolaminates by electron-beam evaporation through a shadow
mask [see Figs. 1(b) and 1(c)].

A. Differential 3ω method: Determination of κz

The nanolaminates under investigation consist of very thin alter-
nating amorphous HfO2 and SiO2 layers deposited on a nominal
100 nm thick amorphous SiO2 layer, supported by a thick 775 μm
silicon substrate [see Figs. 1(a) and 1(b)]. The through-plane thermal
conductivity was determined by probing the temperature response of
the nanolaminate to an alternating (AC) heating current. The thermal
response is modeled within the framework of the heat equation,
where each material is assigned an intrinsic κz value. Additionally, the
influence of the material interfaces is incorporated by introducing a
finite-valued interface thermal conductance (GHfO2,SiO2 ).

In the thin-film limit, where the total nanolaminate thickness
tnl is much smaller than the heater width b [see Figs. 1(a) and 1(c)],
lateral heat spreading within the nanolaminate is physically negligi-
ble, which renders the measurement primarily sensitive to the
through-plane thermal conductivity κz while losing sensitivity
toward the in-plane direction.49,74 Consequently, when the system is
subjected to spatially isotropic heating at an angular frequency ωh

from the top of the stack, the resulting peak temperature amplitude
at the nanolaminate surface is expressible as

TSi=SiO2=[HfO2=SiO2]N (ωh)

¼ TSi=SiO2
(ωh)þ J

2N
GHfO2,SiO2

þ
P

i tHfO2,i

κz,HfO2

þ
P

j tSiO2,j

κz,SiO2

� �
: (1)

TABLE I. Summary of fabricated thin films. The table lists the nominal stack geome-
try, estimated total nanolaminate thickness (tnl, derived from XRR measurements), and
corresponding measured through-plane thermal conductivity and diffusivity (Dz) at
300 K. Dz was calculated assuming a Debye-like heat capacity (see Appendix D 1).

Nominal sample
structure tnl (nm)

κz at 300 KW
m-1 K-1

Dz at 300 K
(mm2 s−1)

10-bilayer (10 nm
HfO2/10 nm SiO2)

190 ± 4 0.86 ± 0.04 0.37 ± 0.04

15-bilayer (10 nm
HfO2/10 nm SiO2)

274 ± 5 0.72 ± 0.02 0.31 ± 0.03

20-bilayer (10 nm
HfO2/10 nm SiO2)

376 ± 8 0.79 ± 0.02 0.34 ± 0.04

Graded 20-bilayer
HfO2/SiO2

375 ± 20 0.69 ± 0.02 0.30 ± 0.03

FIG. 2. XRR measurement of the non-graded 20-bilayer HfO2=SiO2 nanolami-
nate deposited on a nominal 100 nm SiO2 layer (red), along with a
Parratt-model fit (black) performed using GenX.69 The scattering vector is
defined as qz ¼ 4π

λ sin θ, with the z-direction corresponding to the multilayer
growth direction [see Fig. 1(c)].
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Here, TSi=SiO2
(ωh) is the hypothetical peak temperature amplitude of

the bare substrate in the absence of the nanolaminate,

J ¼ P
bl

(2)

is the peak amplitude of the applied sinusoidal heat current (P) per
unit area (bl) and GHfO2,SiO2 is the thermal boundary conductance of
the HfO2=SiO2 interface. The indices i and j label the individual
HfO2 and SiO2 layers, respectively, across the N bilayer stack.

Equation (1) illustrates that intrinsic and interfacial contribu-
tions to the thermal resistance enter additively and are not directly
separable in this configuration. We, therefore, introduce an effective
medium description characterized by an effective through-plane
thermal conductivity (κz,eff ).

As a starting point, we consider the total nanolaminate
thickness,

tnl ¼
X
i

tHfO2,i þ
X
j

tSiO2,j: (3)

Then, the average intrinsic conductivity κz,avg is defined by the
weighted harmonic mean,

1
κz,avg

: ¼
P

i tHfO2,i

tnl

1
κz,HfO2

þ
P

j tSiO2,j

tnl

1
κz,SiO2

: (4)

FIG. 3. Sputter-XPS measurements of the graded 20-bilayer HfO2=SiO2 nano-
laminate on the 100 nm SiO2 sample.

FIG. 4. XRD measurements of non-graded (red) and graded (orange)
20-bilayer HfO2=SiO2 nanolaminate on 100 nm amorphous SiO2 samples. The
absence of distinct diffraction peaks indicates that the samples are (predomi-
nantly) amorphous. Simulated diffraction patterns were generated using data
from the Materials Project database (database version v2025.09.25), licensed
under a Creative Commons Attribution (CC BY) license.71

FIG. 5. AFM measurements of the 20-bilayer HfO2=SiO2 nanolaminate
samples. (a) The non-graded structure and (b) the graded structure.
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Substituting this into Eq. (1) yields

TSi=SiO2=[HfO2=SiO2]N (ωh)¼TSi=SiO2
(ωh)þ J

2N
GHfO2,SiO2 tnl

þ 1
κz,avg:

� �
|fflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl{zfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflfflffl}

¼ : 1
κz,eff

tnl:

(5)

Notice that κz,eff is a function of the interface density (2Ntnl ) and the
relative amounts of HfO2 and SiO2 in the nanolaminate.

Experimentally, κz,eff is determined by measuring two samples
under identical conditions: one containing the nanolaminate and a
reference sample without it. The resulting expression is

κz,eff ¼
TSi=SiO2=[HfO2=SiO2]N

JSi=SiO2=[HfO2=SiO2]N

� TSi=SiO2

JSi=SiO2

 !�1

tnl: (6)

Ideally, the applied heat fluxes for the nanolaminate and
reference sample measurements are nearly identical
(JSi=SiO2=[HfO2=SiO2]N � JSi=SiO2

). However, small deviations may arise
due to fabrication tolerances and measurement uncertainties.

B. Near-room-temperature thermal conductivity
measurements and results

1. Measurement details

Near-room-temperature thermal conductivity measurements
were conducted over a temperature range of 245–315 K. The prepared
samples featuring the 3ω metal structures [see Fig. 1(c)] were adhered
to a copper sample holder using GE 7031 Varnish. Electrical connec-
tions were made via 25 μm AlSiCu wire bonds to a custom-designed
printed circuit board (PCB). The complete PCB-mounted assembly
was placed on the temperature-controlled chuck of a FormFactor
CM300xi probe station, where a continuous laminar flow of dry air
was maintained to prevent condensation during measurement.

2. Results and discussion

Results for the measured thermal conductivities are presented
in Fig. 6. For context and comparison, the figure also includes
established literature values for thin films of the constituent materi-
als: SiO2 data from Lee and Cahill62 and Kim et al.,63 and HfO2

data from Panzer et al.64 and Scott et al.65 In addition to the experi-
mental data, two theoretical predictions are shown: the minimum
thermal conductivity based on the intrinsic layer properties
(Appendix D 3), and a composite model that also incorporates the

FIG. 6. Temperature-dependent thermal conductivity of amorphous HfO2=SiO2 nanolaminates (colored solid circles). The data are shown from 245 to 315 K and are
compared with literature values extracted for SiO2 thin films (Lee and Cahill62 and Kim et al.63) (black symbols) and HfO2 thin films (Scott et al.65 and Panzer et al.64)
(gray symbols). Also shown are model predictions: the estimated minimum thermal conductivity of the nanolaminate [gray dashed, see Eq. (D8)] and a composite model
additionally incorporating thermal boundary resistance via the DMM [black dashed, see Eq. (D9)].
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finite thermal boundary conductance of the HfO2=SiO2 interfaces
using the DMM (Appendix D 4).

At 300 K, the composite model predicts an effective through-
plane conductivity of κminþDMM ¼ 0:78Wm�1 K�1, derived from
an intrinsic minimum conductivity of κmin ¼ 0:88Wm�1 K�1

together with a DMM-calculated interface conductance of
GHfO2,SiO2 ¼ 750MWm�2 K�1 [see Eq. (5)].

Given the multilayer geometry (Sec. II A, Table I) and assum-
ing purely diffusive heat transport [Eq. (5)], all samples are
expected to show the same effective thermal conductivity value.
Indeed, we measure a consistent average of 0:77+ 0:08Wm�1 K�1

at 300 K, in good agreement with the composite model. The
observed spread is consistent with the � 10% uncertainty deter-
mined from our simultaneous Si substrate calibration (Appendix B)
and comparable to typical experimental uncertainties reported in the
literature.75

Moreover, although all samples are expected to exhibit identical
effective thermal conductivities under the assumption of purely dif-
fusive transport, the graded nanolaminate exhibits a slightly lower
average conductivity than the uniform non-graded structures. This
difference lies within the experimental uncertainty and is, therefore,
not statistically significant. Nevertheless, the sign of this deviation is
consistent with prior theoretical and simulation studies on crystal-
line, graded, and non-periodic superlattices, which report an
enhanced suppression of long-wavelength and long-mean-free-path
vibrational modes due to increased structural aperiodicity, mode
localization, and disruption of coherent transport pathways.76–80 In

addition, one cannot fully exclude contributions from local structural
variations, such as potential microcrystalline features in the thicker
HfO2 layers indicated by the AFM analysis, which could introduce
additional vibrational mode scattering or localization.81

C. Low-temperature thermal conductivity
measurements

1. Measurement details

Low-temperature differential 3ω thermal conductivity mea-
surements were performed using a Kiutra L-Type Rapid cryostat.
To ensure optimal thermal contact, the samples were adhered with
silver paste to a gold-plated, oxygen-free copper sample holder,
which is a component of the Kiutra 32 DC puck sample carrier
pad. The four-point measurement structures were then wire-
bonded using 25 μm AlSiCu wires to the PCB of the sample carrier.

2. Results and discussion

The measured low-temperature thermal conductivities are pre-
sented in Fig. 7. For comparison, the figure includes reference
values for bulk amorphous SiO2 from Touloukian et al.,82 as well
as our own measurements of a 500 nm amorphous SiO2 thin film.

As in the near-room-temperature analysis, two model predictions
are shown: the minimum thermal conductivity based on intrinsic
layer properties (Appendix D 3) and a composite model incorporating
interface resistance using the DMM (Appendix D 4). At 30 K, the

FIG. 7. Measured temperature-dependent through-plane thermal conductivity of the amorphous 20-bilayer (10 nm HfO2=10 nm SiO2) nanolaminate (red solid circle). For
comparison, the data include our own measurements of a 500 nm amorphous SiO2 thin film (black diamond), as well as literature reference values for bulk amorphous
SiO2 digitally plotted from the tabulated data of Touloukian et al.82 (black line). Also shown are model predictions: the estimated minimum thermal conductivity of the nano-
laminate [gray dashed, see Eq. (D8)] and a composite model incorporating thermal boundary resistance via the DMM [black dashed, see Eq. (D9)].
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composite model predicts an effective thermal conductivity of
κminþDMM ¼ 0:056Wm�1 K�1, derived from an intrinsic minimum
conductivity of κmin ¼ 0:068Wm�1 K�1 and a DMM-calculated
interface conductance of GHfO2,SiO2 ¼ 32MWm�2 K�1 [see Eq. (5)].

Experimentally, we find that the multilayer exhibits a substan-
tially lower thermal conductivity than the amorphous 500 nm SiO2

film across the entire low-temperature range. At 30 K, the 20-bilayer
HfO2=SiO2 sample reaches κz ¼ 0:050+ 0:0015Wm�1 K�1, corre-
sponding to only 28% of the SiO2 thin-film value at the same
temperature.

A simple contributing factor to the reduced thermal conduc-
tivity of the HfO2=SiO2 nanolaminates may be the lower mass
density of the ALD-grown films compared to their bulk counter-
parts (see Table II).

A comparison of Figs. 6 and 7 reveals an offset between the
two measurement series. We attribute this discrepancy primarily to
inherent measurement uncertainties, arising from factors such as
heater-to-heater fabrication variations, limited precision in deter-
mining the heater width, and uncertainties in the highly sensitive
temperature-coefficient-of-resistance measurement.

Overall, the low-temperature behavior of the nanolaminate is
well reproduced by the composite minimum thermal conductivity
þ DMM model. However, this agreement must be viewed with
care: the model’s predicted κmin for SiO2 at 30 K
(0:058Wm�1 K�1) is significantly lower than both our measured
value for the 500 nm amorphous SiO2 film and established bulk
data. This discrepancy is well known from the literature, particu-
larly at low temperatures, where low-frequency, long-wavelength
vibrational modes enhance thermal transport beyond the purely
diffusive minimum conductivity picture.56,57,66,67,83,84

From this perspective, the success of the composite model in
fitting the multilayer data suggests an interesting possibility. Due to
the high density of thin, highly uniform layers, the nanolaminate
configuration may effectively suppress these long-wavelength con-
tributions that are otherwise present in bulk amorphous SiO2. Put
cautiously, our results are consistent with the interpretation that
the multilayer geometry acts as a filter for certain long-wavelength
vibrational modes, suppressing wave-like thermal transport and
thereby driving the system closer to the minimum conductivity
limit even at low temperatures.

IV. SUMMARY AND OUTLOOK

We experimentally investigated thermal transport in amor-
phous HfO2=SiO2 nanolaminates fabricated by ALD on a 300 mm
wafer platform under CMOS-compatible conditions. These nanola-
minates provide a well-controlled model system for studying heat
conduction across amorphous oxide interfaces relevant to modern
semiconductor and cryogenic electronic devices.

Using the differential 3ω method, we determined κz over the
temperature range of 30–315 K, finding low values of (0:77+
0:08)Wm�1 K�1 at 300 K and (0:0500+ 0:0015)Wm�1 K�1 at
30 K. These values lie substantially below the corresponding con-
ductivity of amorphous SiO2, with the strongest suppression at
30 K, where the nanolaminate reaches only 28% of the amorphous
SiO2 value.

The measured data are well reproduced by a composite model,
combining the minimum thermal conductivity model56,66,67 with
the DMM68 for interfaces. This agreement is particularly notable at
low temperatures, given that the κmin model is known to underesti-
mate the measured thermal conductivity of bulk amorphous mate-
rials, a discrepancy often attributed to enhanced wave-like thermal
transport.56,57,66,67,83,84 The good agreement suggests that the multi-
layer structure is highly effective in suppressing these wave-like,
long-wavelength vibrational modes, thereby extending the validity
of the purely diffusive κmin limit. While our model provides a
robust empirical description, a more fundamental atomistic under-
standing of heat transport in complex amorphous nanostructures
remains an open challenge (see Appendix D 5).

Future work should, therefore, pursue both experimental and
theoretical progress. Experimentally, systematic variation of the
layer thickness and interface density may help to isolate interfacial
and intrinsic contributions, if separable, to the overall thermal
resistance. Moreover, investigating stochastic stacking, such as fully
randomized layer thickness arrangements, may represent an addi-
tional promising route to further reduce through-plane thermal
conductivity.76–80 Furthermore, extending measurements to tem-
peratures well below 30 K could make any wave-like related effects
more pronounced, potentially opening pathways to engineer pho-
nonic bandgaps or, more generally, to tailor thermal trans-
port.51,52,78,85,86 On the theoretical side, scaling atomistic transport
simulations to experimentally relevant dimensions remains an
important challenge. Together, such developments could enable the
realization of oxide-based multilayers with tunable and potentially
engineered thermal conductivities, being of direct relevance to
next-generation logic, cryogenic, and quantum electronic
applications.
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APPENDIX A: 3ω MEASUREMENT DETAILS

To drive a sinusoidal electrical current at an angular frequency
ω through the line heater, a Keithley 6221 precision AC current
source was employed. The resulting 1ω and 3ω voltage amplitudes
were extracted using a phase synchronized Zurich Instruments
MFLI lock-in amplifier. To determine the temperature-dependent
resistance of the line heaters, 1ω characterization was performed
with a peak current amplitude of 5 mA at a frequency of 401 Hz.
This allowed for the precise determination of the resistance R0 and
the temperature coefficient of resistance (TCR), α, at each respec-
tive substrate temperature setpoint. For the 3ω measurements, the
peak current amplitude was adjusted based on the temperature
regime to maintain an optimal signal-to-noise ratio. A peak current
of 45 mA was utilized for measurements near room temperature,
while 30 mA was used for the low-temperature characterization.
Although current frequencies between 10 and 6000 Hz were
recorded, the evaluations were restricted to the range between 100
and 2000 Hz. This specific window was chosen to limit the thermal
penetration depth according to the criteria described by Dames74

and to ensure that the measurements remained within the validity
regime of the low-frequency approximations of the heat equation.

The measured 3ω peak voltage amplitudes were converted
into temperature peak amplitudes following Ref. 74,

T2ω ¼ 2U3ω

I1ωR0α
: (A1)

Here, T2ω denotes the peak amplitude of the oscillating line-heater
temperature, T(t) ¼ T2ωcos(2ωt þ f), induced by Joule heating. I1ω
is the applied peak current amplitude. R0 is the heater resistance
determined from the 1ω measurements, and α : ¼ 1

R
dR
dT is the corre-

sponding TCR at the respective substrate temperature.

Typical temperature amplitudes were in the range of 0.1–1 K
for all measured samples and references in the temperature region
above 50 K. At lower temperatures, the temperature amplitudes
increase markedly, reaching values up to approximately 2.7 K at a
substrate temperature of 30 K. Due to this rising temperature
amplitudes and the rapidly decreasing temperature sensitivity of
the nickel thin films, characterization was limited to the region
above 30 K to maintain measurement accuracy. The upper limit of
315 K was dictated by stability considerations of our specific experi-
mental setup rather than a fundamental limitation of the 3ω
approach itself. Example measurement data for the measured 3ω
peak voltage amplitudes and corresponding peak temperature
amplitudes are shown in Figs. 8(a) and 8(b), respectively. The
nanolaminates’ thermal conductivities were evaluated point by
point according to Eq. (6) using the extracted in-phase temperature
amplitude signal (T2ω,in-phase).

74 Uncertainties are given as the
sample standard deviation of the set of point evaluations.

A major challenge in performing 3ω measurements is that the
voltage signal of interest, U3ω, is typically orders of magnitude

FIG. 8. Representative 3ω measurement data at 300 K. Data are shown for the
graded HfO2=SiO2 nanolaminate on 100 nm SiO2=Si and a reference sample
consisting of 100 nm SiO2 on Si. (a) Measured 3ω in-phase peak voltage ampli-
tude, U3ω,in-phase, as a function of the current frequency. (b) Extracted

in-phase peak temperature oscillations, T2ω,in-phase, derived from the 3ω

voltage using Eq. (A1). The shaded region indicates the frequency window used
for the point-by-point thermal conductivity evaluation. Dashed lines represent
corresponding linear fits within this region and are extrapolated as a guide for
the eye.
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smaller than the linear ohmic response, U1ω. To address this, we
followed the common literature approach of subtracting a large
fraction of the U1ω signal.74 Suppressing the dominant 1ω compo-
nent is essential for effectively utilizing the lock-in amplifier’s
dynamic reserve by enabling higher gain preamplification, thereby
ensuring an optimal signal-to-noise ratio.74,87 In our implementa-
tion, U1ω voltage subtraction is achieved by placing a potentiometer
(Vishay precision 534, 200Ω) with intrinsically low U3ω signal gen-
eration in series with 3ω device under test. The dominant U1ω

signal is then suppressed using an analog subtraction circuit,87 as
illustrated schematically in Fig. 9. To ensure precise and repeatable
balancing, the potentiometer is automatically adjusted using a
PC-controlled stepper motor assembly.

The heater dimensions (b ¼ 75 μm, l ¼ 1:5mm) were selected
to balance the physical requirements of the 1D thin-film limit with
the practical constraints of our experimental hardware. A width of
75 μm was chosen to ensure reliable, lithography-free fabrication
via shadow masking while minimizing relative geometric uncertain-
ties. Furthermore, the resulting high heater-width-to-film-thickness
ratio (b=df . 187) physically restricts heat spreading to the
through-plane direction and provides effective spatial averaging
over the sample surface.49,74 From an electrical perspective, the
length l was designed to maintain a heater resistance below 80Ω
across all measured temperatures. This ensures that the peak
electrical currents required to generate temperature oscillations of
0.1–1 K (up to 50 mA) do not exceed the 5 V linear operating limit
of the analog subtraction circuit sketched in Fig. 9.

Lastly, we briefly address the potential influence of the steady,
laminar dry air flow and radiative losses on the room-temperature
thermal conductivity estimates. The dissipated Joule heating power
has an amplitude on the order of 60 mW. To assess the impact of
environmental losses, we conservatively estimate a convective heat
transfer coefficient of hconv � 100Wm�2 K�1 and a radiative coef-
ficient of hrad , 10Wm�2 K�1 across the measured temperature

ranges.88 Even assuming an atypically high combined heat transfer
coefficient of hradþconv ¼ 1000Wm�2 K�1, the ratio of environ-
mental losses to conductive power remains negligible,

Pradþconv

P2ω
, 0:3%: (A2)

Dames arrived at the same conclusion using a slightly different
argument in Sec. 2.3.3 of Ref. 74.

APPENDIX B: 3ω MEASUREMENT SETUP VALIDATION:
Si SUBSTRATE THERMAL CONDUCTIVITY

In the low-frequency limit, the frequency dependence of the
measured temperature amplitude is governed solely by the thermal
conductivity of the substrate (κs). Specifically, the substrate’s peak
temperature amplitude as a function of the angular heating fre-
quency (ωh) then becomes66,89,90

Ts,in�phase(ωh) ¼ P
πlκs

constant� lnωhð Þ: (B1)

Here, the constant term is independent of the heating frequency,
and the substrate’s thermal conductivity can be extracted from the
slope of the temperature amplitude vs frequency plot. Notably,
Eq. (B1) also applies to crystalline materials with cubic symmetry,
where the thermal conductivity tensor reduces to diagonal form
with κs as the sole independent parameter.90 Estimates of the
thermal conductivity of our silicon substrates for all measured
samples are presented in Fig. 10, together with literature values for
high-purity bulk single-crystalline silicon.91 Our results show good

FIG. 9. Schematic of the 3ω measurement setup. A sinusoidal electrical current
at frequency 1ω is applied to the device under test (DUT) and a reference
potentiometer. The resulting voltage drops are subtracted using an analog sub-
traction circuit and the differential signal is fed into a lock-in amplifier for detec-
tion of the 3ω component. Adapted with permission from Erfantalab et al., Int.
J. Heat Mass Transfer 184, 122346 (2022). Copyright 2022 Elsevier.87

FIG. 10. Estimated thermal conductivity of the (p-type) single-crystalline silicon
substrates [colored solid circles, electrical resistivity: 15+ 7Ω cm corresponds
to a low impurity concentration, ensuring high-purity single-crystalline silicon
thermal behavior for validation92,93]. The data are compared to the reported liter-
ature value for high-purity bulk single-crystalline silicon digitally plotted from the
tabulated reference data of Touloukian et al.91 (black solid circle). The black line
represents an interpolation of these tabulated values and serves as a guide for
the eye.
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agreement with established literature and demonstrate strong
sample-to-sample reproducibility. Quantitatively, at 300 K, the
average thermal conductivity of our Si substrates was determined to
be 133+ 13Wm�1 K�1, which is in good agreement with the
widely accepted bulk value91 of 146+ 15Wm�1 K�1.

APPENDIX C: 3ω MEASUREMENT SETUP VALIDATION:
FREQUENCY SCALING OF THE 3ω VOLTAGE SIGNAL
AMPLITUDE

To further validate our measurement setup, we verified the
fundamental cubic relationship between the measured peak 3ω
voltage amplitude (U3ω) and the applied electrical peak 1ω current
amplitude (I1ω). The relationship U3ω / I31ω was consistently con-
firmed across a range of frequencies and temperatures, as shown in
Fig. 11.

APPENDIX D: THEORETICAL FRAMEWORK FOR
THERMAL TRANSPORT

The theoretical basis for thermal transport in electrically insu-
lating materials posits that heat is carried by quantized atomic

lattice vibrations. These quasiparticles follow Bose–Einstein statis-
tics. The material’s thermal conductivity is expressed as a sum over
the contributions of individual vibrational modes (n),

κ(T) ¼ 1
V

X
n

C(ωn, T)Dn(T), (D1)

where V is the sample volume, C(ωn, T) is the specific heat of a
single vibrational mode at angular frequency ωn and temperature
T , and Dn(T) is the corresponding mode diffusivity.

1. Debye model

For our analysis, we model the vibrational properties of the
amorphous constituent materials within the Debye framework. In
this approximation, the vibrational density of states (DOS) for each
acoustic branch94 m (one longitudinal, two transverse) is given by

DOSm(ω) ¼ Vω2

2π2v3m
1 0,ωD,m½ �(ω), (D2)

where V is the sample volume, vm is the branch-specific speed of
sound, and ωD,m is the Debye cutoff frequency of acoustic branch
m. Here, 1 a,b½ �(ω) denotes the indicator function that equals 1 if
ω [ [a, b] and 0 otherwise.

The specific heat of a bosonic vibrational mode at angular fre-
quency ω and temperature T follows the standard expression:95

C(ω, T) ¼ kB exp
ħω
kBT

� � ħω
kBT

exp ħω
kBT

� �
� 1

0
@

1
A2

, (D3)

with kB denoting Boltzmann’s constant, ħ the reduced Planck cons-
tant, and T the temperature.

FIG. 11. U3ω as a function of I1ω for the graded 20-bilayer HfO2=SiO2 sample.
The data, measured at various frequencies and temperatures (symbols), confirm
the expected cubic relationship, U3ω / I31ω, as indicated by the linear fits (solid
lines) with slopes of 3:01+ 0:01 on this double-logarithmic scale.

TABLE II. Material properties of amorphous HfO2 and SiO2 thin films. Atomic
number densities were estimated from XRR mass densities assuming stoichiometry.
Speeds of sound for amorphous SiO2 are reproduced with permission from Cahill
and Pohl, Phys. Rev. B: Condens. Matter 35, 4067–4073 (1987). Copyright 1987
American Physical Society,66 Love, Phys. Rev. Lett. 31, 822–825 (1973). Copyright
1973 American Physical Society,96 and Ivanda et al., J. Raman Spectrosc. 38, 647–
659 (2007). Copyright 2007 John Wiley and Sons.97 For amorphous HfO2, the longi-
tudinal speed was calculated using elastic modulus data reported by Fields et al.98

The transverse speed of sound was assumed based on a value for crystalline HfO2

nanoparticles97 due to the absence of a published value for the amorphous thin

film. The mean speed of sound is defined here as v : ¼ 1
3v3l

þ 2
3v3t

� ��1
3
.

Thin film property Amorphous HfO2 Amorphous SiO2

Mass density (g cm−3) 6.72 ± 0.04 2.28 ± 0.04
Atomic density (nm−3) 58 ± 3 69 ± 9
Longitudinal speed of
sound vl (kms−1)

4.97 ± 0.0798 5.866,96

Transverse speed of sound
vt (kms−1)

2.497 3.766,96

Mean speed of sound
v (kms−1)

2.7 4.1

Longitudinal Debye
temperature Θl,D (K)

572 713

Transverse Debye
temperature Θt,D (K)

277 448
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The volumetric heat capacity is obtained by summing the con-
tributions from all acoustic branches,

CV (T) ¼ 3nkB
X
m

T
ΘD,m

� �3ðΘD,m
T

0

x4exp(x)

exp(x)� 1ð Þ2 dx, (D4)

where n is the atomic number density and ΘD,m is the Debye tem-
perature corresponding to the acoustic branch m. The material
parameters used in our analysis are summarized in Table II.

2. Modeling the effective thermal conductivity

To interpret the effective through-plane thermal conductivity,
κz,eff , described by Eq. (5), we adopt a two-step modeling strategy.
First, we estimate the intrinsic thermal conductivities of HfO2 and
SiO2 using the minimum thermal conductivity model proposed by
Cahill and Pohl.56,66,67 In the second step, we account for interfacial
effects by incorporating a finite thermal boundary conductance
within the framework of the DMM.68

3. Minimum thermal conductivity model

Cahill and Pohl56,66,67 extended the traditional understanding
of thermal conductivity in amorphous solids by drawing on princi-
ples from both the Einstein99,100 and Debye101 models. Instead of a
single Einstein oscillator frequency, they utilized the Debye DOS
[Eq. (D2)]. Within this framework, they proposed a frequency-
dependent mean free path for phonons in amorphous materials,
given by

lMFP ¼ πv
ω
, (D5)

where v is the velocity of the vibrational mode of angular frequency
ω. Consequently, they employed the following mode-specific diffu-
sivity:

D(ω) ¼ 1
3
vlMFP(ω): (D6)

The total thermal conductivity, referred to in this context as the
minimum thermal conductivity κmin, is subsequently obtained by
integrating the contributions of all vibrational modes up to the
Debye frequency and summing over all acoustic branches [the con-
tinuum limit of Eq. (D1)],

κmin ¼
X
m

ðωD,m

0
DOSm(ω)C(ω, T)Dm(ω)dω: (D7)

Explicit evaluation of Eq. (D7) leads to the following expression:

κmin ¼ π

6

� � 1
3ð Þ
n

2
3ð ÞkB

X
m

vm
T

ΘD,m

� �2ðΘD,m
T

0

x3 exp (x)

( exp (x)� 1)2
dx,

(D8)

where kB is the Boltzmann constant, and the sum runs over the
three acoustic branches m. ΘD,m is the Debye temperature for each

branch, estimated from an isotropic material with speed of sound
vm and atomic number density n. The necessary model parameters
are summarized in Table II. Explicit evaluation of the minimum
thermal conductivity model are presented as gray-dashed lines in
Figs. 6 and 7.

4. Diffusive mismatch model (DMM)

Thus far, we have neglected the potential influence of the
HfO2=SiO2 interface on the thermal transport. A common
approach to model the influence of a material interface on the
thermal transport is to introduce a finite interface thermal conduc-
tance, G1,2, into the heat equation [see Eq. (1)].

Microscopically, G1,2 is attributed to phonon scattering at the
material interface. The DMM, introduced by Swartz and Pohl,68 is
a widely used framework in this context. The DMM assumes that
every phonon incident on the interface is scattered diffusively and
incoherently with uniform probability into any available phonon
mode with the same frequency, independent of its site of origin or
incoming wavevector. Consequently, the model calculates the
thermal boundary conductance based solely on the phonon density
of states and group velocities of the interfacing materials.

In our case, we want to follow the common approach to
model the phonon density of states of our isotropic materials via
the Debye model (see Appendix D 1). To ensure the highest attain-
able accuracy across the entire temperature range, we will not limit
our calculations to the simplified low-temperature limit detailed in
the original Swartz and Pohl publication.68 Instead, we will utilize
the full thermal integral within the DMM framework, retaining the
respective Debye temperature cutoffs,

G1,2(T)¼ 1
8π2

kB
kBT
ħ

� �3ð1
0

Y
i[{1,2}

X
m

1
v2i,m

1
0,
ΘD,i,m

T

� �(x)
X
i[{1,2}

X
m

1
v2i,m

1
0,
ΘD,i,m

T

� �(x)
x4 exp xð Þ
exp xð Þ�1ð Þ2 dx:

(D9)

Here, kB denotes the Boltzmann constant, T the temperature,
ħ the reduced Planck constant, ΘD,i,m the Debye temperature of
material i and acoustic branch m, and 1 a,b½ �(x) the indicator func-
tion. The necessary model parameters are summarized in Table II.
Explicit simulations of the HfO2=SiO2 multilayer thermal conduc-
tivity, both with and without the DMM interface corrections, are
presented in Figs. 6 and 7. It should be noted that generally the
Debye DOS represents only a low-frequency approximation.
Therefore, at elevated temperatures where higher frequency modes
also become relevant, this model framework is expected to hold
only qualitatively at best.

5. A short note on atomistic approaches

Atomistic approaches have substantially advanced the under-
standing of thermal transport in amorphous materials. In particu-
lar, the seminal harmonic Allen–Feldman model for
glasses57,102–104 or more recent formalisms such as the quasi-
harmonic Green–Kubo83,105–107 and Wigner transport equation
methods,108–110 which explicitly incorporate anharmonic effects,
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should be mentioned in this context. Unfortunately, the practical
application of these advanced frameworks is severely constrained
by computational scaling, which fundamentally limits their ability
to capture long-wavelength transport phenomena in disordered
materials. Modeling a domain equivalent to our nanolaminates
(e.g., 200� 200� 200 nm3, corresponding to at least � 108 atoms)
remains computationally prohibitive. This system-size limitation is
particularly restrictive at cryogenic temperatures, where the long-
wavelength excitations dominate thermal transport.
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