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ALD/MLD cycles:

ALD/MLD cycle sequences for our samples are in Table S1, they follow the formula [(DEZ-
H2O)m+q + (DEZ-HQ)]n + (DEZ-H2O)p. with m,n,q and p being the cycle numbers. For
superlattices n is always 0 because the distance between barrier layers stays constant, for
example GM5(1)+50 200 nm: This is written as [(DEZ-H2O)75+50i + (DEZ-HQ)]5 + (DEZ-
H2O)325 with iϵ(0,1,…,4) in Table S1. This means that first 75(=m) + 50 (=q)*0 (i=0) cycles
DEZ-H2O are deposited, followed by a single DEZ-HQ cycle, this is repeated 5 (=n) times with
i growing by one each cycle (iϵ(0,1,…,4)). So after the first “round” there are 75
+50(=q)*1(i=1) = 125 DEZ-H2O cycles before a benzene layer is introduced by one DEZ-HQ
cycle again, this way the spacing is gradually increasing between the benzene layers before the
last benzene layer is capped with 325 (=p) cycles of DEZ-H2O.

The sandwich samples and the double benzene barrier do not fit into the [(DEZ-H2O)m+q +
(DEZ-HQ)]n + (DEZ-H2O)p scheme and instead they have their cycle sequence explicitly
written out.

E.g. SW SL5(1) 200 nm has the recipe 300 x (DEZ+H2O) -> 5 x [100 x (DEZ+H2O) + 1 x
(DEZ +HQ)] -> 400 x (DEZ +H2O). This indicates that first 300 cycles with diethylzinc and
water were deposited (300 x (DEZ+H2O)), followed by a superlattice sequence starting with
100 cycles DEZ and water and 1 cycle with diethylzinc and hydroquinone, which was repeated
5 times (5 x [100 x (DEZ+H2O) + 1 x (DEZ +HQ)]) and finally 400 cycles of DEZ and water
were deposited (400 x (DEZ +H2O))

The table contains only samples that were made during this study and doesn’t include
samples from previously published articles.



S2

Table S1: The cycle sequences used to grow the newly reported samples.

Sample
name m n p q Total

cycles

Film
thickne
ss [nm]

Avg. ZnO
layer
thickness
[nm]

Avg.
GPC
[Å]**

SL2(1) 50  110 2 110 0 332 45 14.7 1.35

SL3(1) 50  83 3 83 0 335 47 11.7 1.40

SL5(1) 50  55 5 55 0 335 49 7.8 1.46

SL5(1)b
100 95 5 95 0 575 90 15 1,57

SL12(1)
100 51 12 51 0 675 98 7.2 1.45

SL4(1) 100 132 4 132 0 664 97 19.1 1.46

SL3(1) 100 165 3 165 0 663 94 23.2 1.42

SL10(1)
100 59 10 59 0 659 94 8.2 1.43

SL8(1) 100 73 8 73 0 665 96 10.3 1.44

SL5(1) 200  195 5 195 0 1175 195 32 1.66

SL10(1)
200 110 10 110 0 1220 196 17 1.61

SL12(1)
200 102 12 102 0 1338 196 14.7 1.46

SL18(1)
200 70 18 70 0 1348 204 10.4 1.51

SL24(1)
200 50 24 50 0 1274 186 7.1 1.46

GM5(1)+50
 200 75 5 325 50i with

iϵ(0,1,…,4) 1205 205 34 1.7

GM10(1)
+18 200 21 10 201 18i with

iϵ(0,1,…,9) 1231 203 18 1.6

GM10(1)
M±30 200 180 10 180

-30i with iϵ
(0,1,…,4,5,
4,…,1)

1240 202 18
1.6



S3

Estimating the phonon mean free path in ZnO thin films:

The thermal conductivity due to phonons can be expressed in first approximation from kinetic
theory as 𝜅𝑃ℎ𝑜𝑛 = 1

3
𝐶𝑉𝑣𝑙𝑚𝑓𝑝 . CV being the heat capacity, ν the average phonon velocity

(approx. speed of sound) and lmfp the mean free path1 (page 122). We approximate κ =κPhon in ZnO
and with values for κPhon = 50 W m-1 K-1, this value is estimated on the basis of Alvarez-
Quintana et al.2 who report 43 W m-1 K-1 for a 40 nm thick film and 56 W m-1 K-1 for a 180 nm
thick film at 300K, the latter value is obtained by using the program plotreader3 on their figure
4. The values of CV = 2900 kj/m³K and 𝑣 are taken from Wu et al.4. For 𝑣  we use 3700 m s-1

this has a great uncertainty as the speed of sound varies greatly depending on the crystal
orientation it can be between 2760 - 6090 m/s, however choosing a value at the lower end of
this spectrum seems wise considering we don’t have a single crystal. We get

𝑙𝑚𝑓𝑝 = 3 𝜅𝑃ℎ𝑜𝑛
𝐶𝑣×𝜈

≈ 3× 50 𝐽 𝑠−1𝑚−1𝐾−1

2900000 𝐽 𝑚−3𝐾−1×3700 𝑚 𝑠−1
≈ 14 𝑛𝑚

This is a very simple calculation, that tends to underestimate the lmfp, especially by
approximating the phonon velocity ν to the speed of sound. However it can be expected that
the correct lmfp is within an order of magnitude of the value estimated here.5–7

Thermal conductivity values of all reported samples in the ZnO/benzene system

In this study SL48(1) 100 and SL96(1) 100 were not used because those samples are
amorphous (the spacing between the ZnO blocks is too small) and GM12(1) Fib 100 was also
excluded because the ALD ZnO cycle sequence follows the Fibonacci sequence and the first
few barrier layers are seperated by 1,1,2,3,5.. ALD cycles which is not enough to treat them
seperately (as already discussed in 8 where this sample was first reported). We still list them in
the table for the sake of completeness as there no other table to list the complete set.

SL5(1) 100 is an outlier (see multivariate analysis in the main text) and was not included in
Figure 3 in the main text. We believe that SL5(b) 100 is the more representative sample of the
two.

SW SL5(1)
200

300 x (DEZ+H2O) -> 5 x [100 x
(DEZ+H2O) + 1 x (DEZ +HQ)] -> 400 x
(DEZ +H2O)

1205 201 34 1.7

SW
SL12(1)
200

335 x (DEZ+H2O) -> 12 x [51 x
(DEZ+H2O) + 1 x (DEZ +HQ)] -> 385 x
(DEZ +H2O)

1344 190 15 1.4

Doublet
10(1) 200

5 x [ 170*(DEZ + H2O) + 1 x
(DEZ+H2O) + 45*(DEZ+H2O)+1 x (DEZ
+ HQ)]+ 170 + (DEZ +H2O)

1250 210 19 1.7
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Table S2: All reported thermal conductivity values of ZnO/benzene samples.

Name Thickness (nm) κ (W/mK) Error Source

SL 6(1) 100 Ca. 100 7.2 n.a. Tynell et al.9

SL 12(1) 100 Ca. 100 4.2 n.a. Tynell et al.9

SL 6(1)b 100 91.1 6.9 1.4 Giri et al.10

SL 12(1)b 100 93.3 4.2 0.5 Giri et al.10

SL 24(1) 100 97.2 2.3 0.2 Giri et al.10

SL 48(1) 100* 93.8 0.8 0.15 Giri et al.10

SL 96(1) 100* 82.7 0.4 0.06 Giri et al.10

SL 12(3) 100 97 2.4 n.a. Giri et al.10

SL 12(5) 100 97 1.6 n.a. Giri et al.10

SL 12(7) 100 97 1.2 n.a. Giri et al.10

SL 5(1) 100** 105 11.8 1.8 Krahl et al.8

SL 12(1)c 100 95 3.9 0.4 Krahl et al.8

GM 5(1) -20 100 115 9.3 0.9 Krahl et al.8

GM 5(1) +20 100 100 9.1 0.9 Krahl et al.8

GM 5(1) +20b 100 93 8.1 1.2 Krahl et al.8

GM 5(1) 20S 100 87 8.2 1.3 Krahl et al.8

GM 5(5) -20 100 125 4.1 0.3 Krahl et al.8

GM 12(1) +7 100 95 4.6 0.5 Krahl et al.8

GM 12(1) Fib 100* 95 7.9 1.1 Krahl et al.8

GM 12(1) M±8 100 92 3.2 0.3 Krahl et al.8

GM12(1) M±8 rev 100 92 3.3 0.3 Krahl et al.8

SW 1(12) 100 92 8.9 0.9 Krahl et al.8

Sl5(1)b 100 90 9.2 0.9 This publication

SL5(1) 200 195 10.0 1 This publication

SL10(1) 200 196 6.7 0.7 This publication

SW SL5(1) 200 201 9.5 1 This publication
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GM5(1)+50 200 205 9.7 1 This publication

Doublet 10(1) 200 210 7.6 0.8 This publication

GM10(1) +18 203 7.3 0.7 This publication

GM 10(1) M±30 200 202 6.9 0.7 This publication

SL 12 (1)d 100 98 4.1 0.5 This publication

SL 12 (1) 200 196 6.7 0.8 This publication

SL 24 (1) 200 186 4.0 0.4 This publication

SW SL 12(1) 200 188 6.0 0.5 This publication

SL 18(1) 200 204 5.5 0.6 This publication

SL 10 (1) 100 94 4.4 0.6 This publication

SL 8(1) 100 96 5.6 0.8 This publication

SL 2(1) 50 45 8.9 5 This publication

SL 3(1) 50 47 6.9 3 This publication

SL 5 (1) 50 49 4.7 1 This publication

SL 4(1) 100 97 9.5 2 This publication

SL 3(1) 100 94 11.3 3 This publication

* Not used in this study, because amorphous (SL48(1) 100 and SL96(1) 100), or unclear
layer separation (SL12(1) Fib 100).

** SL5(1) 100 is used in the Simca analysis but not in Figure 3, SL5(1)b 100 is considered
the more representative sample.

An excel sheet with all variables used for the multivariate analysis can be obtained from the
authors upon request.
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Time domain thermoreflectance: modulation frequency and sensitivity

The measurement length scale of the TDTR technique is defined by the thermal penetration
depth (TPD). Traditionally, thermal penetration depth is defined by the following equation:

TPD = ට 𝑘
𝜋𝐶𝑓

                                                    (Eq. S1)

Here, k, C and f are thermal conductivity, volumetric heat capacity, and modulation frequency
of the pump beam during TDTR measurements, respectively. However, thermal penetration
depth calculated using this equation does not take into account the effects of the metal film
transducer, the resulting thermal boundary conductance, the pump and probe spot size, and any
finite thicknesses of films in multi-layer material systems. A more accurate representation of
the thermal penetration depth can be obtained by solving the cylindrical heat diffusion
equation, details of which were provided by Braun and Hopkins.11 Though Eq. S1 does not
provide an accurate value of the thermal penetration depth for the multilayered material
systems, it qualitatively shows how TPD changes with modulation frequency. As the thickness
of the films measured in this study range from ca. 50 to 200 nm, a high modulation frequency
is desired during TDTR measurements. When the modulation frequency is high, the TPD is
low. As a result, the sensitivity to the thin film thermal conductivity is higher compared to the
substrate thermal conductivity. On the other hand, when the modulation frequency is low, the
TPD is high and sensitivity to the substrate thermal conductivity is higher. This is shown by
the sensitivity analysis of SL 12(1) 100 nm corresponding to 8.8 and 1 MHz in Figure S2. As
shown in Figure S2, at 8.8 MHz, sensitivity to the thin film thermal conductivity is much larger
than the substrate. Thus, using 8.8 MHz during TDTR measurements of the thin films, the
influence and corresponding uncertainty propagation from the substrate thermal conductivity
is minimized relative to that of lower modulation frequencies. Furthermore, in our current
experimental setup, 8.8 MHz provides the best signal to noise ratio. That is why higher
modulation frequencies (> 8.8 MHz) were avoided during the TDTR measurements.

In Figure S3, the thermal penetration depths for SL 12(1) 100 nm corresponding to 8.8 and 1
MHz have been provided. These thermal penetration depths have been calculated according to
the definition provided by Braun and Hopkins.11 As shown in Figure S3 (a) and (b), the thermal
penetration depths for 8.8 and 1 MHz are 180 and 800 nm, respectively. This further shows
that at 8.8 MHz, we are most sensitive to the film thermal conductivity. However, with 1.1
MHz, as TDTR would probe more than 600 nm of the sapphire substrate, TDTR measurements
at this frequency would be most sensitive to the substrate thermal conductivity.
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The sensitivity analysis of TDTR measurements for SL 12(1) 100 nm is shown in Figure S4.
TDTR measurements are most sensitive to the transducer thickness and the thicknesses of the
thin films. In this study, the thickness of the transducer and thin films were determined by
picosecond acoustics and X-ray reflectivity, respectively. The uncertainty associated with the
transducer and thin film thicknesses were ca. 3 and 5 nm, respectively. Due to the high
modulation frequency (8.8 MHz) used during the TDTR measurements, sensitivity to the
substrate thermal conductivity is minimal. TDTR measurements are almost insensitive to the

Figure S2: Sensitivity of TDTR measurements to the substrate and thin film thermal
conductivity of SL12(1) 100 for modulation frequencies of 8.8 and 1 MHz.

Figure S1: Thermal penetration depth for SL12(1) 100 corresponding to (a) 8.8 MHz and (b)
1MHz modulation frequency. The temperature rise corresponds to a pump power of 30 mW.
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Al transducer thermal conductivity and Al/thin film thermal boundary conductance (hAl/thin film).
This means we have a high sensitivity towards the actual sample.
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