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I. THERMAL RESISTANCE CALCULATIONS

Due to the thinness of the Hf1−xZrxO2 and TaN layers, we do not directly fit for the intrin-

sic thermal conductivity of the Hf1−xZrxO2 layer since we cannot explicitly separate the thermal

conductivity of the layer from the interfaces using a single measurement on a single sample.1,2

Rather, we treat the two layers as an effective resistive interface between the aluminum transducer

and silicon substrate. As such, when modeling the TDTR data, we treat each sample as a two

layer system and fit for the effective thermal boundary conductance (which we denote as h1 for

the samples with a layer of Hf1−xZrxO2, and h2 for those without this Hf1−xZrxO2 layer, i.e. just

Al and TaN layers). The other necessary parameters include transducer thickness, thermal con-

ductivity, and heat capacity, as well as the substrate heat capacity. For the transducer, we verify

the aluminum thickness through profilometry and picosecond ultrasonics3 (80 ± 5 nm), calculate

the thermal conductivity via the Wiedmann-Franz law from from four-point probe resistivity mea-

surements (110 W m−1 K−1), and assume a literature value of 2.43 MJ m−3K−1 for the volumetric

heat capacity at room temperature.4,5 For the substrate, we assume a literature value6 of 1.65 MJ

m−3K−1 for the volumetric heat capacity of intrinsic silicon at 300 K. The inverse of the measured

conductance is the cumulative resistance of the Hf1−xZrxO2 and TaN layers and their respective

interfacial resistances. For the samples with a layer of Hf1−xZrxO2, this resistance, which we

denote as R1, is as follows:

R1 =
1
h1

=
1

hAl/Hf1−xZrxO2

+RHf1−xZrxO2 +
1

hHf1−xZrxO2/TaN
+RTaN +

1
hTaN/Si

(S1)

For the sample without a layer of Hf1−xZrxO2, the cumulative resistance (R2) is:

R2 =
1
h2

=
1

hAl/TaN
+RTaN +

1
hTaN/Si

(S2)

With TDTR, we measure this thermal resistance as 19.87 ± 1.47 m2 K GW−1. Subtracting R2

from R1, it can be seen that the resulting resistance is:

R1 −R2 =
1

hAl/Hf1−xZrxO2

+RHf1−xZrxO2 +
1

hHf1−xZrxO2/TaN
− 1

hAl/TaN
(S3)

Bozorg-Grayeli et al.7 have previously measured the thermal boundary resistance between alu-

minum and TaN, RAl/TaN = 1
hAl/TaN

, at room temperature to be 7.6 ± 0.4 m2 K GW−1. Adding this

value to the previous subtraction leaves the effective thermal resistance, REff, of the Hf1−xZrxO2

films. For an effective thermal conductivity for the film, κEff, we take the product of the film

thickness and the inverse of the thermal resistance.
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Propagation of error is used to quantify uncertainty in the REff measurements, which can be at-

tributed to measurement repeatability, uncertainty in aluminum thickness (± 5 nm), ∆R2 (± 1.47

m2 K GW−1), and also from the uncertainty in RAl/TaN = 1
hAl/TaN

(± 0.4 m2 K GW−1). An addi-

tional source of uncertainty is included for κEff from uncertainty in the thickness of the Hf1−xZrxO2

layers (± 0.068 - 1.72 nm, depending on composition).
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II. TABULATED THERMAL MEASUREMENTS

TABLE S1. Effective thermal resistances (REff) and conductivities (κEff) for Hf1−xZrxO2 films. ∗Samples

marked with an asterisk were subjected to a 600 ◦C anneal for 30 s.

Hf1−xZrxO2 (x) REff (m2K GW−1) κEff (W m−1 K−1)

0 27.63 ± 3.01 0.72 ± 0.10

28.25 ± 3.02 0.71 ± 0.10

0* 17.98 ± 2.58 1.11 ± 0.19

16.80 ± 2.43 1.19 ± 0.20

0.5 26.41 ± 3.06 0.76 ± 0.09

26.30 ± 2.95 0.76 ± 0.09

0.5* 20.47 ± 2.61 0.98 ± 0.12

0.7 28.79 ± 3.44 0.69 ± 0.08

25.54 ± 2.93 0.78 ± 0.09

0.7* 19.06 ± 2.54 1.05 ± 0.14

1 24.72 ± 2.90 0.81 ± 0.10

24.51 ± 2.91 0.82 ± 0.10

1* 16.12 ± 2.41 1.24 ± 0.19

15.81 ± 2.38 1.27 ± 0.19
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III. SENSITIVITY ANALYSIS
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FIG. S1. In each panel, the solid blue curves display the sensitivity of the heat capacity of the Hf1−xZrxO2

films with SiO2 substrates, for the in-phase signal, Vin. The blue dash-dotted line gives the sensitivity for the

ratio of the in-phase to out-of-phase signal, −Vin/Vout . The dashed green line displays the sensitivity for the

heat capacity of the Hf1−xZrxO2 layer with a silicon substrate. Panels (a) and (c) display the sensitivity as a

function of frequency, whereas panels (b) and (d) provide the sensitivity as a function of probe delay time.

For these calculations, we utilize the same material parameters for the Al, TaN, and SiO2 layers discussed

in the main manuscript; for the Hf1−xZrxO2, we assume a volumetric heat capacity of 2.7 Jm−3K−1 and a

thermal conductivity of 1 W m−1 K−1.

To determine the signal most sensitive to the parameter of interest, we calculate sensitivity in the

same manner discussed in previous studies,8,9 we find an increase in sensitivity to the heat capacity

of the Hf1−xZrxO2 layer when there is an SiO2 layer, as shown in Fig. S1(a), (b). Furthermore, we

note that the in-phase signal, Vin, yields a higher sensitivity to heat capacity than the ratio of the

in-phase to out-of-phase signal, −Vin/Vout. Therefore, we analyze the in-phase signal for samples
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of Hf1−xZrxO2 concentrations of x= 0.5 and x= 0.7, fitting only for the heat capacity of that layer.

To enhance accuracy further, we analyze data at three different pump frequencies: 5.82, 8.4, and

12.2 MHz.
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