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S1 Details on Film Deposition

The a-C:H films for this study were prepared via plasma-enhanced chemical vapor deposition

(PECVD) onto Si (001) substrates, 300 mm in diameter, using a commercially available dual ra-

dio frequency system.1 The films were grown to a nominal thickness of 200 nm, which was later

verified with spectroscopic ellipsometry. Three groups of films (labeled Films 1 - 3) were pro-

duced with varying levels of hydrogen prior to implantation. The atomic composition for each

as-deposited film was verified via combined Rutherford backscattering spectroscopy (RBS) and

nuclear reaction analysis (NRA) measurements.2 In addition, the sp2/sp3 ratio for the as-deposited

films was analyzed via nuclear magnetic resonance analysis (NMR). Preparation of the material

for NMR analysis required powderization of the films, which was performed for Films 2 and 3, but

could not be performed for Film 1. A similar value for Film 1 may be expected given the similarity

between Films 2 and 3 (1.9 and 2.1, respectively).
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S2 Details on Thermal Measurements

S2.1 Thermal Model Parameters

To measure the thermal conductivity of the a-C:H films, the ratio of the reflected TDTR probe

signal was recorded with a lock-in amplifier and analyzed as a function of pump-probe delay time.

The data were fitted with a multilayer heat diffusion model,3 in which the thermal conductivity

of the a-C:H film was treated as a fitting parameter. Example fit parameters (thermal conductivity

(κ), thickness (d), and volumetric heat capacity (C)) used in the thermal model are shown in Table

S1. We observe negligible sensitivity to the thermal boundary conductances (G) within the system,

and thus are not included in the table.

Table S1: Table of representative values used in the thermal model.

κ d C
Layer Material (W m−1 K−1) (nm) (MJ m−3 K−1)

1 Al 100 80 2.43
2 a-C:H 0.53 ∼200 ∼1.69
3 Si 123 semi-inf 1.65

For layer 1, we apply a value of 100 W m−1 K−1 for the thermal conductivity of the aluminum

films, determined from four-point probe measurement and application of the Wiedemann-Franz

law. We determine the thickness from picosecond acoustic measurements,4 and assume a litera-

ture value of 2.43 MJ m−3 K−1 for the volumetric heat capacity.5 We treat the thermal boundary

conductance across the Al/a-C:H interface as an open fitting parameter, but find there is negligible

sensitivity (see Fig. S2). For layer 2, thermal conductivity is treated as a fitting parameter and

the volumetric heat capacity is calculated from a modified Kopp’s rule,6–8 based upon the atomic

concentration and densities of the films, resulting in values ranging from 1.61 to 1.77 MJ m−3 K−1.

There is no sensitivity to the interface of the a-C:H film and the Si substrate, as as such we consider

it as infinite. For the silicon substrate, we apply a value of 123 W m−1 K−1, determined from a

sample with no a-C:H deposited, and assume a literature value of 1.65 MJ m−3 K−1 for the volu-

metric heat capacity.9 An example of a model fit is displayed in Fig. S1 for Film 2 before and after
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implantation.

Implanted: κ = 0.51 ± 0.04 W m-1 K-1

as-deposited: κ = 0.31 ± 0.05 W m-1 K-1
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Figure S1: Representative TDTR data (open circles) and corresponding model fit (solid line) for an as-deposited vs implanted film. In
this case, the films are as-deposited and irradiated examples of Film 2.
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S2.2 Parameter Sensitivity

In consideration of the sensitivity of the thermal model (S) to a given parameter (x), we perform

a sensitivity analysis in a similar manner as Gundrum et al.10 In general, a higher absolute value

of Sx indicates a higher sensitivity to parameter, x. We provide an example sensitivity analysis us-

ing representative data tabulated in Table S2. From the calculation, highest sensitivity is observed

for C1, C2, d1, and κ2. There is lesser sensitivity to d2, and negligible sensitivity for the remain-

ing parameters. As mentioned above, regarding those parameters for which there is appreciable

sensitivity, C1 is assumed from literature, d1 is determined through picosecond acoustic analysis,

C2 is calculated based upon measured atomic composition and density, d2 is measured with spec-

troscopic ellipsometry, and κ2 is determined through least squares minimization of the difference

between the thermal model and measured TDTR data.
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Figure S2: Representative sensitivity analysis of material parameters in the thermal model. For this calculation, model parameters
from Table S2 are applied.

Table S2: Values used for the sensitivity analysis calculations displayed in Fig. S2

κ d C G
Layer Material (W m−1 K−1) (nm) (MJ m−3 K−1) (MW m−2 K−1)

1 Al 100 80 2.43 150
2 a-C:H 0.53 200 1.69 150
3 Si 123 semi-inf. 1.65 n/a
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S2.3 Thermal Penetration Depth

We consider the 1/e thermal penetration depth, δ , from TDTR measurement, to be calculated as:11

δ =
√

κ/(πC f ), (S1)

where κ is the thermal conductivity of the material, C is the volumetric heat capacity, and f is

the modulation frequency of the pump. For this calculation, we apply an average volumetric heat

capacity (1.69 MJ m−3 K−1), and a modulation frequency of 8.8 MHz. We plot δ as a function

of the thermal conductivity in Figure S3(a). As the thermal penetration depth increases as a func-

tion of thermal conductivity, we consider the high-thermal conductivity case; the most thermally

conductive of all the samples in the study has a thermal conductivity of 0.8 W m−1 K−1. This cor-

responds to a thermal penetration depth of approximately 131 nm. For that particular sample, the

thickness is 172 nm. The thinnest of all samples is 161 nm, and therefore the thermal penetration

depth never extends beyond the thickness of the a-C:H layer.
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Figure S3: (a) Thermal penetration depth calculated according to Eqn. S1. (b) Representative two-dimensional temperature profile of
the heating induced in an a-C:H sample from TDTR measurement. The temperature profiles at the center of the laser spot is shown
in (c) for a film with a thermal conductivity of 0.8 W m−1 K−1 (red) and 0.2 W m−1 K−1 (blue).

Furthermore, we note that Eqn. S1, is an analytical estimation of the thermal penetration depth,

which tends toward overestimation, as it does not take into account thermal spreading within the
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aluminum transducer, nor the temperature drop at the aluminum/film interface.12 For a more accu-

rate assessment of the thermal penetration depth in the samples, we perform detailed calculations

of the depth-dependent temperature rise from a multilayer heat diffusion calculation12,13 (for a

film with thermal conductivity of 0.8 W m−1 K−1) and find the 1/e thermal penetration depth to

be 197 nm from the surface (Figure S3(a,b)). Given that the aluminum transducer is 80 nm, this

corresponds to a depth of 117 nm within the a-C:H film. This depth is further reduced for films of

lower thermal conductivity. Taken together, these results demonstrate that the penetration depth is

never great enough to penetrate the beyond film, and therefore we do not expect reductions in the

film thickness to alter the sensitivity of the measurement.
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S2.4 Thermal Resistance

The ability to resolve the thermal conductivity of a layer or the thermal boundary conductance of

an interface is often dictated by its relative thermal resistance. We consider the thermal resistance

of the interface, calculated as Rinter f ace = 1/GAl/a−C:H , and the thermal resistance of the film, cal-

culated as R f ilm = d f ilm/κ f ilm. We consider two extremes of thermal conductivity, κ = 0.2 and

0.8 W m−1 K−1, which correspond to the most and least thermally resistive films measured, re-

spectively. While we are unable to directly fit for the thermal boundary conductance, we consider

values ranging from 100 - 250 MW m−2 K−1, which spans a range representative of Al/dielectric

interfaces.14 In Fig. S2, we plot the thermal resistance of the films (solid lines), the range of inter-

face resistances (grey region), and the combined interface and film resistances (colored regions).

In the limit of thin film thickness (less than 10 nm), the interface serves as the dominant source

of thermal resistance. However as the film thickness increases, the dominant thermal resistance

source transitions to that of the film. At the nominal film thickness of 200 nm (black dashed

line), the thermal resistance of the film is much greater than of the interface, regardless of the film

thermal conductivity.
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Figure S4: Thermal resistance of the films (solid lines), and total thermal resistance attributed to the film and interface resistance
between the Al transducer and film surface. The calculations consider two extremes of film thermal conductivity, κ = 0.2 W m−1 K−1

(blue) and κ = 0.8 W m−1 K−1 (red). Furthermore we consider interface resistance for values spanning 4 - 10 m2 K GW−1, which
spans a range representative of aluminum/dielectric interfaces. 14,15
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S3 NMR Measurements

Solid-state NMR spectra were collected using a 11.74 T magnet with a Varian VNMRS spectrom-

eter operating at 500.23 MHz for 1H and 125.73 MHz for 13C. Experiments were performed on

a Phoenix 1.6-mm triple resonance MAS probe operating in 1H/13C mode. Magic angle spinning

(MAS) was used to collect direct polarization NMR spectra at a spinning rate of 20 kHz. 13C chem-

ical shifts were externally referenced to the upfield methane peak of adamantane at 29.46 ppm. 13C

direct polarization (DP) NMR experiments were performed with a 13C 90 degree pulse length of 2

us, a relaxation delay of 15 s, and 60kHz two-pulse phase modulated (TPPM) 1H decoupling dur-

ing signal acquisition. 13C cross polarization (CP) NMR experiments under the Hartmann-Hahn

matching condition were performed with a 1H 90 degree pulse length of 2 us, varying contact

times between 0.5 to 5 ms, a relaxation delay of 3 s, and 60kHz TPPM 1H decoupling during

signal acquisition.

While CP NMR provides qualitative information about the type of carbon bonds present, the

DP experiments provide quantitative information. In this case, sp2 : sp3 carbon hybridization ratios

were determined by integrating resonances associated with a specific chemical shift range. Spectra

from Film 2 and 3 are displayed in Fig. S5(a) and (b), respectively.
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Figure S5: NMR spectra from DP NMR experiments for Films 2 (a) and 3 (b). The resonances at approximately 130.8 and 24.3 ppm
are related to sp2 and sp3 orbitals, respectively. The integrated areas for each resonance, shown below the axis, are used to calculate
the sp2 : sp3 carbon hybridization ratio.
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S4 FTIR Measurements
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Figure S6: FTIR spectra for all films collected over a range of 800 cm−1 to 3200 cm−1. (a), (c), and (e) display the spectra for varying
ion fluences for Films 1, 2, and 3, respectively. (b), (d), and (f) display the spectra for varying ion energies for Films 1, 2, and 3,
respectively. The absorbance peaks at 1360, 1450, 1600, 2930, and 3030 cm−1 represent sp3 CH3 bending, sp2 CH2 bending, sp2

C=C stretching, sp3 C-H stretching, and sp2 C-H stretching vibrations, respectively.
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S5 Film Stress

Beyond increasing stiffness, ion implantation is often utilized in the fabrication of a-C:H films to

reduce stress which can lead to wrinkling or delamination of the film.16 The measured film stress

is displayed as a function of ion fluence and energy in Fig. S7(a) and (b), respectively. For Films

1 and 2, the implant produces a reduction in the compressive stress, which is more pronounced in

Film 1. For Film 3, the stress state transitions from slightly tensile to slightly compressive.
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Figure S7: Nominal film stress as a function of ion fluence (a) and energy (b).
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S6 Amorphous limit model

The thermal conductivity is discussed in the framework of the “amorphous limit” model based

upon the work of Cahill, Watson, and Pohl.17 In this model, thermal transport is considered as

being limited to a random walk of atomic vibrations with a limited length scale of energy exchange

on the order of half a period of oscillation.18 As the nominal accuracy of this model is variable

depending upon material system,18–20 we focus upon the trends in relation to the experimental

data. With this model, the thermal conductivity can be expressed as

κmin =
(

π

6

) 1
3

kBn
2
3
A

3

∑
i=1

vi

(
T
Θi

)2 ∫ Θi
T

0

x3ex

(ex−1)2 dx, (S2)

where kB is the Boltzmann constant, nA is the atomic number density, calculated from21 nA =

NAρ/M (NA is Avogadro’s number, and M is atomic mass), i is an index for the phonon polar-

ization, v is the sound speed, T is temperature, and Θ is the cutoff temperature, calculated for

for each polarization as Θi = vi(h̄/kB)(6π2nA)
1/3 (Refs. 22,23), where h̄ is the reduced Planck

constant. For the atomic mass, we apply a rule of mixtures calculation weighting the C, N,

O, and H concentration for each film, measured via NRA. The sound speed for each polariza-

tion is calculated from a continuum mechanics approach using measurements of the film density

and elastic modulus, which has been demonstrated as an accurate approximation in other hydro-

genated amorphous films.18 With this approach, the longitudinal sound speed can be expressed

as vL =
√

E(1−ν)/(ρ(1+ν)(1−2ν)) and vT =
√

E/(2ρ(1+ν)), where ν is Poisson’s ratio.18

For ν we apply a value of 0.3.21,22,24

Calculation of the thermal conductivity as a function of a single parameter is complicated by

correlation between parameters (namely, ρ,E, and %H, in this case). For example, if the hydro-

gen content is reduced, the density and elastic modulus correspondingly increase. For simplicity,

we assume linear relationships between the parameters based upon experimental measurements

tabulated in Table S3.
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Table S3: Nominal values of hydrogen content, density, and modulus of elasticity used for calculation of κmin. As these values are
correlated, we assume linear relationships between parameters over the given ranges in the model. For example, in when calculating
κmin as a function of %H, we considered E and ρ to vary linearly with %H over the given range of %H.

%H ρ E
(%) (g cm−3) (GPa)

Film 1
33.9 1.5 61.8
33.6 1.6 69.4
31.1 1.6 69.2
32.3 1.7 72.2
30.8 1.6 61.9
31.5 1.5 64.2
31.9 1.5 63.8

Film 2
36.3 1.5 19.6
33.4 1.4 21.3
35.5 1.5 22.5
41.7 1.4 18.4
37.7 1.5 18.5
34.2 1.5 20.8
35.0 1.6 24.5

Film 3
46.5 1.2 6.2
40.9 1.3 4.3
41.0 1.4 5.4
38.0 1.4 6.8
39.3 1.2 6.2
39.1 1.2 7.1
38.1 1.2 9.4
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