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ABSTRACT

Sub-nanometer thickness accuracy and excellent conformity make atomic layer deposited films prevalent in modern electronics,
continuously shrinking in size. The thermal resistance of these films plays a major role in the overall energy efficiency of miniaturized
devices. We report very sensitive thermal conductivity measurements of amorphous Al2O3 thin films grown using atomic layer deposition
in the temperature range of 100–300 K. The 3ω method is used to characterize these films ranging from 17.0 to 119.4 nm in thickness, using
a series-resistor model to deconvolve the intrinsic thermal conductivity of the film from thermal boundary resistances inherently present
in the multilayer system. The thermal conductivity of amorphous alumina films with a density of 2:77+ 0:14 g cm�3 is measured to be
1:73+ 0:08Wm�1 K�1 at 300 K. Measurements were carried out on germanium and sapphire substrates, leading to no substrate
dependence of the films’ thermal conductivity, within experimental accuracy. On the other hand, thermal boundary resistances of the
systems Pt/Al2O3/substrate are observed to be strongly substrate-dependent, with values ranging from 2:1� 10�8 m2 KW�1 to
3:7� 10�8 m2 KW�1 at 300 K for films deposited on sapphire and germanium, respectively. These results provide further insights into the
significance of interfaces in thermal transport across layered materials, in particular, for potential germanium-based devices.

Published under license by AIP Publishing. https://doi.org/10.1063/5.0004576

I. INTRODUCTION

One of today’s microelectronic industries foremost goals is a
cumulative increase in power density, often reached by decreasing
chip components down to nanometer sizes. This led to a soaring
number of low-dimensional materials in current electronic devices
accompanied with new challenges in the field of energy manage-
ment. Low-dimensional materials such as thin films can be used for
efficient thermal management, electrical insulation, or for their
optical properties useful in the photovoltaic industry. Atomic Layer
Deposition (ALD)-grown metal-oxide thin films such as Al2O3 have
a wide range of applications, from the dielectric coating layer in tran-
sistor technology1 to the assisting layer in lithography processing.2,3

The diversity of applications comes from their low tempera-
ture deposition, conformal coating, large breakdown electric field,
and sub-nanometer level thickness accuracy.4,5 Incorporation of
high-k dielectric films to replace silicon dioxide in metal-oxide–
semiconductor structures gave further relevance to ALD-oxide

films in the last decade, while, in addition, the scope of research
has been widened for non-silicon based devices in order to further
improve devices performances. This consequently led to studies of
a variety of stacked systems, among which Ge/ALD-Al2O3 struc-
tures were investigated because of the intrinsically high charge
carrier mobility of germanium.6–8 Ge/Al2O3 interfaces, which did
not draw great attention in terms of thermal characterization, are
highly relevant in the context of the Ge nanowire (NW) growth
using techniques such as the Au-assisted vapor liquid solid
process9 or the template-assisted NW growth using nanoporous
alumina.10 Furthermore, ALD-Al2O3 thin films are often employed
as insulating layers to prevent electrical leakage in electro-thermal
measurements.11,12 Consequently, accurate characterization of
ALD-Al2O3 thin films’ thermal conductivity and thermal interfacial
resistances are compulsory for the efficient design of novel multi-
layered structures and for data extraction in thermal measurements
involving ALD-Al2O3 thin films.
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The development of accurate thermal characterization
methods for low-dimensional materials still remains an active,
stimulating scientific field. However, creating both a heat source
and thermometer in size-constrained materials is challenging from
a technological point of view—though this becomes possible due to
ceaseless development of clean room fabrication methods. The
interpretation of experimental data becomes more complex when the
size of the probed material is commensurate to that of the heat
source, thermometer, or to characteristic lengths of the heat carriers.
Yet, this complexity can be used to probe intrinsic properties of heat
carriers or non-Fourier heat conduction regimes such as phonon
mean free path spectrum and ballistic heat conduction.13–16

In most cases, the thermal characterization of thin films is per-
formed on a substrate, leading to an additional thermal interfacial
resistance between the substrate and measured thin film. As the film
thickness decreases, the contribution of the film thermal resistance
becomes comparable to that of the interface, leading to a severe
underestimation of the film thermal conductivity. The 3ω method17

has proven effective in measuring thermal conductivity of thin films,
substrates, and in estimating the interfacial thermal resistances [most
commonly referred to as Thermal Boundary Resistance (TBR)] from
the system substrate/film/heater.10,18–22 In this regard, in this work,
we present very sensitive thermal conductivity measurements of
Al2O3 films of varying thicknesses (17–119 nm) grown by Atomic
Layer Deposition on sapphire and germanium using the 3ω method.
Temperature dependence of the thermal conductivity of Al2O3 thin
films and substrates are presented along with the interpolated TBR
of the substrate/Al2O3/Pt system. These results show the significant
impact that Al2O3 thin films and TBRs may have on the global
thermal balance of layered structures present in functioning devices,
especially for systems containing Ge/ALD-Al2O3 interfaces.

II. METHODS

A. Sample preparation

Amorphous Al2O3 thin films were deposited on two different
crystalline substrates (sapphire and germanium) by ALD using a
Cambridge Nanotech Savannah S100 ALD system. Prior to deposi-
tion, each substrate was cleaned using acetone, rinsed using
ethanol, and then submitted to a soft O2 plasma for 100 s to
remove any residual contamination that could alter the interface
quality. Then, each sample was subjected to the same ALD deposi-
tion conditions: a four cycle process alternating between the flow of
the precursor (trimethylaluminum, TMA) and H2O, using N2 as a
purge gas. Growth temperature was stabilized to 150 �C and the
number of cycles were 145, 350, 500, 750, and 1000, leading to the
thicknesses of the Al2O3 thin films of 17.0, 41.0, 60.1, 89.7, and
119.4 nm, respectively. X-ray reflectivity (XRR) has been used to
measure all the film thicknesses. Using Rutherford backscattering
spectrometry (RBS) along with XRR, the density of the film was
measured to be 2:77+ 0:14 g cm�3, in good agreement with other
ALD-Al2O3 films grown at a similar temperature.4

The metallic heating element used for 3ω measurements has
been fabricated using standard clean room techniques consisting of
laser lithography patterning followed by platinum magnetron sput-
tering (100+ 20 nm) and lift-off. It is about 5 μm wide and spans
500 μm between the two voltage leads; these dimensions have been

measured using scanning electron microscopy for each sample. We
note that no adhesion layer has been used prior to the metallic
sputtering.

B. Thermal characterization

Thermal conductivity measurements of ALD-Al2O3 thin films
were performed using the 3ω method. The 3ω method consists in
measuring the thermal impedance created by a specimen of inter-
est, when submitted to a heat flux. The heat flux is created by
applying an alternative current of frequency ω through a metallic
line deposited on top of the specimen. Joule heating occurring at
2ω leads to an oscillation of the metallic line resistance at the same
frequency, hence producing a small 3ω voltage. The 3ω voltage,
which is proportional to the temperature rise ΔT2ω sensed by the
metallic line, is related to the thermophysical properties of the
specimen. The metallic line acting both as a heater and a thermom-
eter will be henceforth referred to as the transducer. After the
transducer calibration and by means of a fitting procedure
described subsequently, we extract the thermal conductivity of the
film and substrate of interest along with the sum of TBRs.

1. Experimental setup for the 3ω measurement

The temperature oscillation amplitude of the transducer is
measured using resistive thermometry through voltage measure-
ments using the relation ΔT2ω ¼ 2V3ω=I1ω(dR=dT), where V , R,
and I represent voltage, transducer’s resistance, and current, respec-
tively.17,23 Subscripts refer to frequency harmonics. The third har-
monic voltage is always present alongside a large ohmic voltage
background. Indeed, the voltage ratio V1ω=V3ω scales as (βΔT2ω)

�1,
where β is the temperature coefficient of resistance (TCR) of the
transducer, defined as β ¼ (1=R)(dR=dT). In this study, a platinum
transducer was used for which the measured TCR is around
2� 10�3 K�1 at room temperature, as presented in Fig. 1.

FIG. 1. Measured resistance vs temperature for a platinum transducer. Every
transducer has been measured separately prior to 3ω measurements, only one
is presented here for clarity. The black line represents the best fit to the data
using a second order polynomial. In the inset is displayed the temperature coef-
ficient of resistance derived from the best fit to the data.
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The measured ΔT2ω, usually lying within the range of 0.1–2 K,
leads to a ratio V1ω=V3ω greater than 103. Consequently, in order to
enhance the V3ω reading sensitivity, we use a differential bridge
presented in Fig. 2. We use lock-in 1 (AMETEK 7230) output
voltage to source the circuit. A programmable resistance (IET
PRS-B-7.001) is placed in series and set to match the transducer
resistance. It is further used to read the circuit current using
lock-in 2. The differential bridge is built from three INA103 instru-
mentation amplifiers, with the purpose of considerably lessening
the ohmic 1ω voltage. In the first stage of the bridge, the same
voltage drops across both the transducer and the programmable
resistance, the latter assumed to have negligible temperature coeffi-
cient of resistance. Consequently, the output voltage in the second
stage of the bridge contains the small V3ω immune from the large
ohmic background. Amplification has been chosen so as to increase
the signal for easier detection while keeping it low enough for the
second stage of the bridge not to overload. The resulting signal is
read using lock-in 1 input.

2. Data reduction procedure

As in many frequency dependent thermal characterization
techniques, the thermal penetration depth—the characteristic
length over which the temperature amplitude decays toward zero—
is closely related to the heat source excitation frequency, in this
case, the electrical current frequency. Introducing the thermal
wavevector q to be consistent with the literature notation,17,24 the
thermal penetration depth is defined as 1=qj j ¼ ffiffiffiffiffiffiffiffiffiffiffiffi

α=ωth

p
, where

α ¼ k=ρCp is the thermal diffusivity of the material and ωth is the
thermal excitation frequency (ωth ¼ 2� ωe). The experiment con-
sists in heating the sample using the transducer and measuring the
temperature response of this transducer as a function of its

excitation frequency. Fitting the thermal response of the calibrated
transducer using an adapted heat conduction model permits extrac-
tion of several thermal properties of the system under study.

Given the expected high thermal conductivity ratio between
the thin film and its substrate (germanium or sapphire) in addition
to the high contrast between the heater half-width (2.5 μm) and
film thickness (�17–120 nm), a one-dimensional model is relevant
to describe the thermal resistance of the film on top of its sub-
strate.25 The measured thermal conductivity of the films reported
in this work are, therefore, cross-plane (parallel to the growth direc-
tion, y-axis in Fig. 3). After solving the heat equation with appro-
priate geometry and boundary conditions, the temperature
oscillation at 2ω sensed by the transducer can be written as25

ΔT2ω ¼ p
πlksy

ð1
0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ksxyλ

2 þ i2ωe
αs

q
tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ksxyλ

2 þ i2ωe
αs

q
ds

� �
� sin2 (bλ)

(bλ)2
dλþ p

2bl
Rth, (1a)

αs ¼
ksy

ρsC ps
, (1b)

where p is the peak electrical power dissipated by the transducer of
length l and half-width b and ωe is the angular modulation of the
electrical frequency. ksy , ρs, Cps , ksxy , and ds stand for the sub-
strate’s cross-plane component of the thermal conductivity, density,
heat capacity, thermal anisotropy, and thickness, respectively. The
first part of the right hand side of Eq. (1a) reflects the substrate
contribution to the measured thermal resistance, whereas the
second part represents the film and interfaces contribution to the
total thermal resistance. The hyperbolic tangent term comes from
applying adiabatic conditions at the bottom of the substrate, repre-
senting a non-perfect interface between the substrate and sample
holder. For the germanium substrate, we use ksxy ¼ ksx=ksy ¼ 1 for
the fitting of Eq. (1), which we assume is a safe assumption given
its crystal structure. For the sapphire substrate, it might not be the
case and we use ksxy ¼ 1:1. The error introduced from the sub-
strate’s thermal anisotropy is discussed in the Appendix and
included in the uncertainty analysis described afterward.

In this study, we assume a simple 1D series-resistor model for
the thermal resistance of the film and interfaces,26 as depicted in
Fig. 3. Thereby we write the thermal resistance Rth as

Rth ¼ df
kf

¼ Rint þ df
ki
, (2)

where df refers to the film thickness, kf its apparent thermal con-
ductivity, Rint to the sum of TBRs (heater/film + film/substrate),
and ki stands for the intrinsic thermal conductivity of the film, i.e.,
independent of its thickness. The latter assumption is expected to
hold true given the small mean free path of the heat carriers in
amorphous solids (�1 nm)27 in comparison to the films thick-
nesses (17��119 nm) and have been experimentally verified28,29

for ALD-Al2O3 films with smaller thicknesses than that used in the
present work. The simple form of Eq. (2) also implicitly assumes a

FIG. 2. Simplified schematic of the setup used for a 3ω experiment as
described in the main text. Lock-in 1 output voltage is used to source the circuit
and read the third harmonic of the voltage, while lock-in 2 reads the current
from the known variable resistance. Part of the circuit (within the blue-dashed
circle) is immersed inside a cryostat and put under vacuum (�10�5 mbar). The
circuit is controlled from a computer so that the programmable resistance is
automatically changed to match that of the transducer when the experiment is
run as a function of temperature.
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constant value of Rint among films of increasing thickness. XRR
measurements of the alumina films indicate that their top surface
rms roughness vary little as a function of the film thickness
(,0:15 nm rms), consistent with other report quantifying the
surface roughness of ALD-deposited films as a function of their
thickness.30 Furthermore, since our films are at least 17 nm thick,
their stoichiometry is expected to be similar among all films,8 and,
therefore, we assume that Rint is constant for all samples (for a
given substrate).31

Besides being relatively simple, Eq. (2) provides one significant
benefit; the film heat capacity does not need to be known to extract
its thermal conductivity. We can then calculate the sum of thermal
boundary resistances, Rint, with the cost of performing multiple
measurements using films of increasing thicknesses.

To summarize, for extracting the thermal conductivity of the
film, substrate, and the sum of TBRs, we primarily fit the measured
ΔT2ω to Eq. (1) to obtain ks and Rth as shown in Fig. 4. The sub-
strates heat capacity have been measured separately using a

commercially available physical property measurement system from
quantum design. We then fit each Rth for each thin film thickness
according to Eq. (2). From the slope of Eq. (2), we extract the
intrinsic thermal conductivity of the Al2O3 film. Rint is inferred
from the intercept extrapolated to zero thickness.

C. Uncertainty analysis

To quantify the uncertainty of our results, we use a so-called
“Monte Carlo” approach, an expedient way to quantify error propa-
gation in nonlinear fitting.32,33 First, using least square regression,
we fit our measured dataset (frequency, ΔT2ω) to Eq. (1) using our
measured control variables (thermometer width and length, sub-
strate heat capacity and density, power dissipated, substrate anisot-
ropy) to numerically extract ks and Rth. Next, we build a new
synthetic dataset (frequency, ΔTsynth) from the previously extracted
(ks, Rth) values and perturbed control variables, the latter being
obtained by randomly drawing a value from their normal distribu-
tion which has been either measured or represent our best guess.
We then introduce the experimental error of the measured ΔT2ω in
a similar manner, i.e., we randomly draw a sample value from its
normal distribution. Each synthetic data set contains errors coming
from the experimental accuracy of our measurement, along with
the error coming from our controlled variables. Repeating these
steps N times, we obtain N synthetics sets of data. Fitting each new
(frequency, ΔTsynth) dataset using measured control variables gives
a distribution of (ks, Rth) from which we can extract relevant statis-
tical parameters, such as confidence intervals. Eventually, we find
the confidence intervals for Rint and kAl2O3 fitting Eq. (2) using
(film thickness, Rth) datasets, where the distribution of Rth has
been constructed in the previous step.

We show in Fig. 5 the resulting histograms from the derived
thermal conductivity of sapphire and germanium substrates on
which Al2O3 thin films were grown, using N ¼ 1000. Five different
thicknesses of the films were measured, resulting in five different
substrates (we could not reliably measure the 17 nm Al2O3 depos-
ited on germanium, due to possible electrical leakage). This
allows—in addition to the N Monte Carlo runs—to acquire
another statistical indicator, illustrating the repeatability of the
measurement. It is clear from Fig. 5 that the repeatability of the

FIG. 3. Schematic representation of
the system measured in this work,
either on a sapphire or germanium
substrate. On the left is displayed a
simplified thermal circuit in term of
thermal resistances in series with the
heat source. The two TBRs, RPt=Al2O3

and RAl2O3=substrate, are highlighted in
blue and red, respectively.

FIG. 4. Measured ΔT vs electrical frequency for four thicknesses of Al2O3
deposited on sapphire substrate at 300 K (41.0 nm not shown for clarity). Filled
circles are data, and solid lines are the best fit to Eq. (1). Peak power dissipated
lies between 11 and 12 mW for the four transducers.
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measurement is satisfying, since the five values of the derived sap-
phire thermal conductivity are within less than 2% of the calculated
mean value of 34Wm�1 K�1 at 300 K, in good agreement with
reported values.34,35 For the germanium thermal conductivity, the
four extracted values are consistent within 5% to the mean value of
52Wm�1 K�1 at 300 K, agreeing well with measured values for
doped germanium.36,37 The overlapping between distributions sug-
gests that the measured small variations coming from the repeatabil-
ity of the experiment corroborates well with the confidence intervals
derived from inputs parameters and experimental uncertainty.

III. RESULTS AND DISCUSSION

To ascertain the validity of our measurement, we have carried
out measurements using several currents and, hence, various

dissipated power. The linearity between the V3ω voltage and the
current’s third power ensures the thermal signature of the measured
voltage (see Fig. 6), for several frequencies. The fitting of the tem-
perature oscillation vs frequency is performed up to �30 kHz, as
shown in Fig. 4. This allows us to disregard most of high frequency
spurious effect coming from capacitive coupling or harmonic dis-
tortion present in the electrical circuit. Most importantly, the lower
frequency used for the fitting is chosen such that the thermal pene-
tration depth remains smaller than the substrate thickness at each
temperature. The upper frequency is restricted by the one-
dimensional model we chose to use: the thermal penetration depth
should be much larger than the film thickness, which is readily
attained given the small thickness of the films studied in this work.

A. Intrinsic thermal conductivity of ALD-Al2O3 thin films

The measured thermal resistances as a function of film thick-
ness are plotted in Fig. 7 for both substrates and several tempera-
tures. From these plots, the intrinsic thermal conductivity of the
films and the extrapolated TBR of the Pt/Al2O3/substrate system
are extracted, as explained previously. The intrinsic thermal con-
ductivity of the ALD-Al2O3 thin films is plotted vs temperature in
Fig. 8. The values extracted from either substrate are consistent
with each other, within the accuracy of the measurements, repre-
sented as tinted bands.

Tinted bands in Figs. 8 and 9 represent 68% confidence inter-
vals (CIs) derived using the method detailed in Sec. II, representing
values falling within one standard deviation of the mean for a
normal distribution. No substrate dependence of the film thermal
conductivity is observed in the temperature range explored, within
our experimental accuracy, which is consistent with other
reports.21,29 The thermal conductivity of the amorphous Al2O3

films range from 0.80Wm�1 K�1 at 100 K to 1.73Wm�1 K�1 at
300 K (see Table I). The value at 300 K is as well in very good
agreement with other values reported for Al2O3 films grown
in similar conditions. Indeed, literature values lie between 1.3

FIG. 5. Histograms of the thermal conductivity for (a) sapphire and (b) germanium substrates, derived from datasets including errors coming from input parameters and
experimental uncertainty. Numbers 1–5 refer to substrates on which Al2O3 thin films were grown resulting in thicknesses ranging from 17.0 to 119.4 nm. These values
were derived at 300 K, using N ¼ 1000 random draws.

FIG. 6. Measured 3ω voltage as a function of the third power of the electrical
current for several frequencies at 300 K. Dashed lines are linear fits to the data.
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and 2.4Wm�1 K�1, depending on the growth technique and
conditions.21,28,38,40–44

Since the thermal conductivity of amorphous ALD-Al2O3 is
known to be significantly density dependent,28 we compare the
thermal conductivity of the present measurements to reported
values of ALD-Al2O3 films with known density. For measured den-
sities45 of 2.72 g cm�3 and 3.15 g cm�3, DeCoster et al. reported, at
room temperature, thermal conductivities of 1:35+ 0:21Wm�1 K�1

and 1:87+ 0:26Wm�1 K�1, respectively, using time-domain ther-
moreflectance (TDTR).29 Lee et al. reported 1:99+ 0:16Wm�1 K�1

for films with a density of 3:3+ 0:1 g cm�3 using a similar 3ω
method.21 Scott et al.38 reported 1:50+ 0:09Wm�1 K�1 for a
density of 3:33+ 0:06 g cm�3, while Gorham et al. reported values
from 1.23 to 1.67Wm�1 K�1 for densities ranging from 2.67 to
3.12 g cm�3 (Ref. 28). Our reported averaged value of

1:73+ 0:08Wm�1 K�1 for a measured density of
2:77+ 0:14 g cm�3 corroborates reasonably well in terms of density
to these reported values. This is in agreement with previously estab-
lished density dependent thermal conductivity models, such as the
lower limit for thermal conductivity39 and the related differential
effective medium approximation,28,46 which serve as reference models
to describe the thermal conductivity of amorphous films as a function
of their atomic density.

We may notice that, for films with similar densities, our
reported value for the thermal conductivity is somewhat higher
than other reports, as can be seen from Fig. 8. For measurements
on very thin films (,10 nm), ALD-Al2O3 films could be inhomo-
geneous across the film thickness due to the unstable Al:O ratio
during the first cycles of the deposition, before reaching a ratio of
2:3 for large cycle numbers.8 In this scenario, the measurement on

FIG. 7. Measured thermal resistances of the films as a function of their thickness, for several temperatures. Solid lines are linear fits to the data. Thermal boundary
resistances are inferred from the intercepts of the fits extrapolated to zero thickness, whereas the intrinsic thermal conductivity of the films is derived from their slope.

FIG. 8. Temperature dependence of the intrinsic thermal
conductivity of ALD-Al2O3 thin films deposited on two
different substrates. Other data from ALD-Al2O3 films with
measured density are displayed in comparison, taken
from Refs. 21, 28, 29 and 38, while kmin is calculated
from Ref. 39. Data reported using TDTR are shown as
squares, whereas other shapes are from 3ω experiments.
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very thin films would be more sensitive to inhomogeneity of the
films, and could possibly lead to lower thermal conductivity. This
could explain the difference between our data and that reported by
Scott et al.,38 where the films were between 1 and 10 nm thick with
lower thermal conductivity than our films, while having higher
density. However, this would not explain our relative difference
with data from Gorham et al.,28 since they used films with thick-
nesses comparable to ours. Thus, additional quantitative structural
characterizations of ALD films might prove useful in explaining the
relative difference observed in terms of thermal conductivity.

B. Thermal boundary resistances

We see in Fig. 7 the significance of TBRs, weighting up to two
third of the measured total thermal resistance, in the case of the
thinnest film (17.0 nm) at 300 K grown on sapphire. Even for the
thickest film (119.4 nm), the contribution from TBRs weights up to
35% of the total thermal resistance for films deposited on germa-
nium. These considerations support the need to perform multiple
measurements on several film thicknesses for accurate thermal
characterization when using the 3ω method,47 even for films

having relatively low thermal conductivity. This statement is by all
means related to the rather large TBRs measured in this work,
when compared to the film thermal resistance.

Figure 9 displays the total TBR measured from Al2O3 films
deposited on germanium and sapphire. The behavior with temper-
ature is similar for both substrates, and in qualitative agreement
with theoretical models predicting an increased TBR between two
dissimilar materials as temperature decreases.48 We clearly observe
that the sum of TBRs is larger when the Al2O3 film is deposited on
germanium compared to the same film deposited on sapphire.
Notwithstanding the accurate prediction of TBR is an arduous task
in this temperature range,49 we can still discuss important key
experimental points that could warrant the relatively large TBR
measured in this work. Indeed, at 300 K, we measure 2:1� 10�8

and 3:7� 10�8 m2 KW�1 for TBR extracted from Al2O3 films
deposited on sapphire and germanium, respectively. These
values are comparable with others extracted from 3ω experi-
ments18,19,21,22,50 but generally lie in the higher end of most TBR
reported values.51 Using a similar 3ω method, Lee et al.21 reported
that the sum of TBRs is larger from ALD-Al2O3 deposited on
silicon (� 2� 10�8 m2 KW�1) than that deposited on sapphire

TABLE I. Summary of the measured quantities in this work. kAl2O3 refers to the intrinsic thermal conductivity of the film, inferred using Eq (2). The substrate thermal conductiv-
ity ks,avg is calculated from the mean of the four (five for sapphire) samples measured to deduce the film thermal conductivity. TBR refers to the sum of thermal boundary resis-
tances in series in the system (Pt/Al2O3 + Al2O3/substrate). Values in brackets are 68% CI.

Substrate
T kAl2O3 TBR ks,avg
(K) (Wm−1 K−1) (10−8 m2 KW−1) (Wm−1 K−1)

Germanium 100 0.82 [0.77,0.84] 6.1 [5.6,6.4] 148
200 1.34 [1.29,1.40] 3.8 [3.5,4.0] 77
300 1.71 [1.66,1.83] 3.7 [3.6,4.0] 52

Sapphire 100 0.77 [0.76,0.80] 4.1 [4.0,4.3] 335
200 1.39 [1.34,1.41] 2.5 [2.3,2.5] 65
300 1.75 [1.68,1.81] 2.1 [2.0,2.3] 34

FIG. 9. Temperature dependence of the sum of thermal
boundary resistances measured in two different systems,
colored bands represent 68% confidence intervals. TBRs
from sapphire have lower error bars due to the fact that
five thicknesses were used to extract them, as opposed
to the four samples used for the germanium substrate.
Other TBRs with related materials are taken from
Refs. 21, 22, 38, 43 and 63. Data reported using TDTR
are shown as squares, whereas other shapes are from
3ω experiments.
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(� 2� 10�9 m2 KW�1), though the amplitude is smaller in their
study and they used gold as a transducer using a Ti adhesion layer.
The large discrepancy—almost a factor of ten—between the reported
value for the Au-Ti/ALD-Al2O3/sapphire interface compared to our
Pt/ALD-Al2O3/sapphire interface suggests that Pt/ALD-Al2O3 be the
prevalent TBR in this case, as will be discussed later. Besides, in
sandwiched structures such as ours containing ALD-Al2O3 films,
other authors have reported TBRs that are at least two times smaller
than our results, using TDTR. Indeed, for Al/Al2O3/Si, Monachon
and Weber measured 5:2+ 0:5� 10�9 m2 KW�1, while Scott et al.
reported 6:92+ 0:50� 10�9 m2 KW�1, where the Al layer serving
as their opto-thermal transducer, was DC-sputtered or electron-beam
evaporated, respectively.38,43

The variation between these results and our measurements
leads us to discuss two particular points. First, the relative differ-
ence between TBRs measured from the sapphire and germanium
substrates, and second, the overall large sum of TBRs measured for
both substrates. For the first aspect, one possible reason is the pres-
ence of a native oxide layer on the substrate, that has not been
removed prior to the films deposition. On the germanium sub-
strate, this native oxide could substantially impede thermal transfer
across the interface, hence increasing the measured TBR.52 It has
been shown in Refs. 8 and 53 that, even after removing the native
oxide from the germanium substrate prior to ALD, a germanium
oxide would eventually re-form at the interface during the deposi-
tion process, with thickness �0:2–0:5 nm. This would partly
explain the difference observed between both substrates, in addition
to the greater contrast that exists in terms of mass density and
speed of sound between the germanium/ALD-Al2O3 interface com-
pared to the sapphire/ALD-Al2O3 interface. This would lead to a
higher TBR for the germanium/ALD-Al2O3 interface, as predicted
by the Diffuse Mismatch Model (DMM).48,54,55

To have an estimation of how the contrast in thermal properties
between two materials might lead to significant change on their
thermal boundary resistance, we use a gray approximation of the
DMM56 and estimate the thermal boundary resistance as

TBR ¼ Civi
4

Cjvj
CiviþCjvj

� ��1
, where Ci and vi stand for the volumetric

heat capacity (in J m�3 K�1) and phonon group velocity (in m s�1) of
material i, respectively—an approach that have been used in Ref. 38.
For the ALD-Al2O3 films and sapphire substrate, we assume
v ¼ 8800 m s�1 for their longitudinal speed of sound,57 while for the
germanium substrate we use v ¼ 6240 m s�1(Ref. 58). For the volu-
metric heat capacity, we use our measured value of the heat capacity
for the sapphire and germanium substrates combined with the mass
density taken from the literature.59 For the ALD-Al2O3 films, we use
the measured heat capacity of the sapphire substrate combined with
the film density that has been measured using RBS. These lead to the
volumetric heat capacity of Csapphire ¼ 3:05MJm�3 K�1, Cgermanium

¼ 1:72MJm�3 K�1 and CALD�Al2O3 ¼ 2:15MJm�3 K�1. Using the
aforementioned thermal and structural properties, we arrive at
TBRALD�Al2O3=germanium ¼ 1:6� TBRALD�Al2O3=sapphire, which is in
reasonable agreement with what is observed experimentally in this
work. Using GeO2 instead of Ge, with volumetric heat capacity and
longitudinal speed of sound taken from Ref. 27, we obtain
TBRALD�Al2O3=GeO2

� 3� TBRALD�Al2O3=sapphire. We emphasize that

this calculation is only qualitative but agrees relatively well with the
trend that is observed here. Thus, the higher TBRs for the germanium
substrate can be understood using the aforementioned arguments.

For the second aspect—the relatively high TBR measured for
both substrates—we remind that the platinum transducer was
DC-sputtered without any adhesion layer. A recent work from Suk
and Kim60 suggests that DC magnetron sputtered films have more
imperfections at the film/substrate interface—when compared to
other metal deposition techniques such as e-gun evaporation—due
to its energetic deposition process, hence increasing the TBR. Most
importantly, the use of a metallic adhesion layer is reported
to enhance thermal interfacial conductance. Indeed, Li et al.22

have reported a 70% reduction of the TBR between amorphous
ALD-Al2O3 and gold after introducing a nickel layer, thereby
reducing it from 4:8� 10�8 m2 KW�1 to 1:4� 10�8 m2 KW�1,
while Jeong et al. succeeded in reducing metal/sapphire TBR by a
factor from 2 to 4 by inserting a thin metallic adhesion layer,61 a
result reproduced by Blank and Weber.62 These arguments go in
favor of a higher TBR for DC-sputtered films, in particular, when
no adhesion layer is used.

Hopkins et al. reported TBR of 8:6� 10�9 m2 KW�1 for a
Pt/sapphire interface using TDTR.63 We can reasonably take this
value to serve as a lower bound for our Pt/ALD-Al2O3 interface,
since the contrast in density is higher in the case of Pt/ALD-Al2O3

than for the Pt/sapphire interface—all other parameters assumed
to remain constant. Therefore, the thermal contribution of the
Pt/ALD-Al2O3 TBR would account for at least 40% of the total
Pt/ALD-Al2O3/sapphire TBR, while for the germanium substrate,
its contribution would be 23%. While further experiments using
other metals as transducers or using a metallic adhesion layer
would help to give further insight into the contribution of each
interface to the total resistance measured, altogether, the arguments
presented above qualitatively justify our findings in terms of relative
amplitude of the measured TBRs for both substrates.

IV. CONCLUSION

In this work, we have measured the thermal conductivity of
Al2O3 thin films ranging from 17 to 119 nm in thickness that were
deposited using Atomic Layer Deposition on sapphire and germa-
nium substrates. The 3ω method has been used, and the data reduc-
tion procedure along with the uncertainty analysis was described.
The reported value of the thin films’ thermal conductivity is found
to be in very good agreement with what has been reported so far in
the literature. A comparison of the films thermal conductivity in
terms of their mass density further emphasizes on the importance of
this parameter for achieving optimal thermal performances, an
important concern in designing efficient micro-scaled devices. In
addition, TBR of the system Pt/Al2O3/substrate is shown to be
heavily substrate-dependent, with almost a factor of 2 higher for the
germanium substrate, in comparison to the sapphire one—a behav-
ior that is justified qualitatively using a DMM approach. If further
measurements using other metals as transducers and/or using an
adhesion layer would prove useful in separating the contribution
from the heater/film TBR to that of the film/substrate, these results
provide additional insights into the impact of interfaces in the case
of ALD-Al2O3 on semiconducting or dielectric materials, in
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particular, for germanium. Additionally, our results suggest that par-
ticular attention should be given to the Pt/ALD-Al2O3 interface in
electro-thermal measurement, which can represent a substantial frac-
tion of the overall measured thermal resistance.
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APPENDIX: THERMAL MODELLING AND SENSITIVITY
IN 3ω EXPERIMENTS

1. Validity of the thermal model for data reduction

We discuss under which conditions the model we use to fit
the temperature oscillation [Eq. (1)] is valid. In particular, we
discuss the assumption that the experiment is only sensitive to the
sum of TBRs and that the film heat capacity does not play a role in
the present configuration, leading to model the film as a thermal
resistance in series with the heater/thermometer.

The expression of the temperature oscillation amplitude for a
film-on-substrate system in a 3ω geometry, including thermal
boundary resistances, is derived by solving the 2D heat equation
using Fourier Transforms and subsequent spatial averaging over
the transducer width. The only difference with the solution pro-
vided in Ref. 25 is the inclusion of the film/substrate TBR, Rf=s. It
leads to

ΔT2ω ¼ p
2πl

ð1
�1

sin2 (λb)

(λb)2
1

kf γ f tanh (γ f df )

1þ tanh (γsds)γsks(Rf=s þ tanh (γ f df )
kf γf

)
� �
1þ tanh (γsds)γsks(Rf=s þ coth (γ f df )

kf γf
)

� � dλþ p
2bl

Rh=f , (A1a)

γ i ¼
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kxy,iλ2 þ i2ωe

ρiC pi

ki

s
: (A1b)

To compare this expression to the one we use in the main text, we
provide a sensitivity analysis of Eq. (A1). The sensitivity of ΔT to
parameter p is defined as64

SΔTp ¼ p
ΔT

@(ΔT)
@p

¼ @( ln (ΔT))
@( ln (p))

(A2)

and thus reflects the relative change of ΔT that is induced by a rela-
tive change of p. The absolute value of the sensitivity to the
Temperature Oscillation (TO) is plotted in Fig. 10(a) for the
heater/film interface Rh=f , film/substrate interface Rf=s, and film
heat capacity (ρCp)Al2O3

. As is expected from the frequency range
that is spanned during these 3ω experiments, we cannot discrimi-
nate Rh=f from Rf=s since the thermal penetration depth is always
much larger than the film thickness. This is reflected on the sensi-
tivity plots, which have similar frequency dependence for both
TBRs. For the thickest (119 nm) film, distinguishing the contribu-
tion of Rh=f to that of Rf=s would require to increase the frequency
up to a few MHz, which is not possible using our current setup
and is better suited to optical experiments. Therefore, in our experi-
ments, we are always sensitive to the quantity (Rh=f +Rf=s) = Rint,
since in the present configuration, there is no other parameter to
play with that would increase the sensitivity of only one of the two
TBRs. This is further emphasized in Fig. 10(b), where we plot
Eq. (A1) using two different pairs of {Rh=f ,Rf=s}, keeping (Rh=f +Rf=s)
constant. In comparison, we plot Eq. (1) using the same value of

(Rh=f +Rf=s). The three plots overlap, confirming the assumption that
we are only sensitive to the sum of both TBRs.

The sensitivity of the TO to the film heat capacity is almost null
on the entire frequency range spanned during the experiment, suggest-
ing that Eqs. (1) and (2) are indeed a very good approximation to Eq.
(A1) [which can be seen as well in Fig. 10(b)]. Therefore, given the
film thickness and the frequency range spanned during the experi-
ment, the film can be simply modeled as a thermal resistance in series
with the heater/thermometer, and thus only adds a frequency inde-
pendent offset to the temperature oscillation, as detailed in Ref. 25.
These arguments make valid the use of Eqs. (1) and (2).

2. Sensitivity of the temperature oscillation to ki and Rint

The sensitivity of the TO [Eq. (1)] to the film intrinsic
thermal conductivity ki (solid lines) and Rint (dashed lines) is
plotted in Figs. 10(c) and 10(d) for both substrates using values
extracted at 300 K. These results suggest that, given the amplitude
of Rint, it is mandatory to use several thicknesses of the film to
accurately extract the film intrinsic thermal conductivity. Indeed,
the sensitivity to Rint is, for the thinnest film and for both sub-
strates, higher than the sensitivity to ki. For thicker films, the sensi-
tivity to Rint decreases but still remains significant.

3. Error coming from the substrate’s thermal anisotropy

We made the assumption ksxy ¼ 1:1 for the sapphire substrate
when fitting our measured data to Eq. (1). While the consequence
of this assumption is taken into account while performing the
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uncertainty analysis, where the anisotropy is changed from 1 to 1.3,
we discuss quantitatively how this parameter impact the extracted
thermal parameter when using the 3ω method, since it is not
straightforward when simply looking to the error bars provided by
the uncertainty analysis. We consider the case where one would
assume ksxy ¼ 1 for the fitting, while the substrate has in fact aniso-
tropic thermal properties. This assumption ksxy ¼ 1 would lead to
two consequences. First, it would result in measuring the “average”

substrate’s thermal conductivity ks ¼
ffiffiffiffiffiffiffiffiffiffiffi
ksx ksy

p
, which is the quantity

that is always measured in a 3ω experiment when using the “slope
method.”25,65 Second, and most importantly, it would add a fre-

quency independent offset to Rth, with magnitude b
2π

ln (ksxy )ffiffiffiffiffiffiffiffiffi
ksx ksy

p . This

contribution can be derived by writing Eq. (1) in the limit where
j1=qj . b and rearranging. In the limit j1=qj . b, Eq (1) can,
therefore, be rewritten as

ΔT2ω ¼ p
πlksy

ð1
0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ksxyλ

2 þ i2ωeρsC ps

ksy

q
tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ksxyλ

2 þ i2ωeρsC ps

ksy

q
ds

� � sin2 (bλ)
(bλ)2

dλþ p
2bl

Rth

≊
p

πl
ffiffiffiffiffiffiffiffiffiffiffi
ksx ksy

p ð1
0

1ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2 þ i2ωeρsC psffiffiffiffiffiffiffiffiffi

ksx ksy
p

r
tanh

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
λ2 þ i2ωeρsCpsffiffiffiffiffiffiffiffiffi

ksx ksy
p

r
ds

 ! sin2 (bλ)

(bλ)2
dλþ p

2bl
Rth þ b

2π

ln (ksxy )ffiffiffiffiffiffiffiffiffiffiffi
ksx ksy

p
 !

: (A3)

While measuring the thermal conductivity of the substrate is not
of prime importance in this study, the thermal conductivity of
the films and TBRs depends upon the quantity Rth, as explained
in the main text. From Eq. (A3), the absolute error on Rth is

equal to b
2π

ln (ksxy )ffiffiffiffiffiffiffiffiffi
ksx ksy

p . Therefore, if the true substrate anisotropy

is ksxy � 1:1� 1:3, the resulting error on Rth would be

� 1:1� 3:0� 10�9 m2 KW�1 for the sapphire substrate at 300 K
and decrease at lower temperatures due to the increase of the
substrate’s thermal conductivity. These conservative estimates on
ksxy are based upon separate 2ω experiments performed using the

FIG. 10. (a) Sensitivity of the temperature oscillation to the heater/film interface Rh=f , film/substrate interface Rf=s and film heat capacity (ρCp)Al2O3
for a 119 nm film on a

sapphire substrate at 300 K. (b) Several combinations of the quantity Rh=f +Rf=s using Eq. (A1) lead to the same measured temperature oscillation that is obtained using
Eq. (1), emphasizing that we are only sensitive to the quantity Rint ¼ Rh=f+Rf=s. (c) and (d) Absolute value of the sensitivity of the temperature oscillation to Rint and ki , for
both substrates.
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method proposed in Ref. 66. While an accurate measurement of
ksxy is a difficult task given the small anisotropy of the substrate, we

always obtained ksxy . 1, meaning that Rint can only be somewhat

overestimated, not underestimated. In any cases, the film’s thermal
conductivity ki remains unaffected since its value depends on the
slope of Rth ¼ f (df ), while the error is a constant offset.
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