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ABSTRACT: Amorphous solids are traditionally assumed to set the
lower bound to the vibrational thermal conductivity of a material due
to the high degree of structural disorder. Here, were demonstrate the
ability to increase the thermal conductivity of amorphous solids
through ion irradiation, in turn, altering the bonding network
conﬁguration. We report on the thermal conductivity of hydrogenated amorphous carbon implanted with C+ ions spanning ﬂuences
of 3 × 1014−8.6 × 1014 cm−2 and energies of 10−20 keV. Timedomain thermoreﬂectance measurements of the ﬁlms’ thermal
conductivities reveal signiﬁcant enhancement, up to a factor of 3,
depending upon the preirradiation composition. Films with higher
initial hydrogen content provide the greatest increase, which is
complemented by an increased stiﬀening and densiﬁcation from the
irradiation process. This enhancement in vibrational transport is unique when contrasted to crystalline materials, for which ion
implantation is known to produce structural degradation and signiﬁcantly reduced thermal conductivities.
KEYWORDS: thermal conductivity, amorphous hydrogenated carbon, ion implantation, time-domain thermoreﬂectance
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formation and amorphization16,17 resulting in material
degradation and reduced performance in devices. Even for
small ion ﬂuences, the resultant defect concentrations can yield
signiﬁcant reductions in thermal conductivity. Irradiation of
diamond with ions of C 3+ , N 3+ , and O 3+ has been
demonstrated to yield orders-of-magnitude reductions in
thermal conductivity, even with mass impurity concentrations
much lower than 1%.18,19
In contrast to pure crystalline carbon, hydrogenated
amorphous carbon is unique in that exposure to irradiation
can yield enhanced electrical and mechanical properties.20−22
The resultant reduction in hydrogen content reduces the
degree of hydrogen-terminated bonds. For ions of suﬃcient
energy, prior studies have demonstrated reduced electrical
resistivity in irradiated a-C:H ﬁlms.23,24 The corresponding
structural change from irradiation also gives rise to improved
vibrational transport within the carbon network. A similar
concept has been demonstrated by Chiritescu et al.,25 who
demonstrated that ion irradiation can enhance the thermal

ydrogenated amorphous carbon (a-C:H) is a solid
solution of carbon and hydrogen bonded together in an
isotropic, amorphous network.1 Films of a-C:H are of interest
for several industrial applications including friction coatings,2−5
biomedical coatings,6 and optical and microelectromechanical
devices,7 among others, due to their high hardness,8 inert
chemical behavior,1,9 wide band gap,10 and unique optical
properties.10,11 Diﬀerences in the properties of these ﬁlms arise
from variation in carbon bonding, allowing for “tunability” of
the ﬁlms for diﬀerent applications. For example, higher degrees
of tetrahedral carbon−carbon sp3 bonding yield a more
diamond-like behavior than ﬁlms with a greater degree of
hydrogen-terminated bonds.12,13
In an eﬀort to tune the properties and sp2/sp3 carbon−
carbon bond ratios of the ﬁlms, numerous studies have been
carried out that investigate ﬁlm growth parameters, with
relatively fewer studies investigating postgrowth techniques.14
Among the postgrowth techniques to modify ﬁlm structure is
ion irradiation. As explained by de Jong et al.,15 ion irradiation
of organic materials, such as a-C:H, results in an outgassing of
volatile molecules. If exposed to ions accelerated with suﬃcient
energy, ion tracks form within the ﬁlm, enabling outward
diﬀusion of radicals.15 This process can be further accelerated
via heating during irradiation.14
For crystalline materials, structural changes associated with
ion irradiation are generally manifested in the form of defect
© 2021 American Chemical Society
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conductivity of WSe2 crystals by reducing the degree of lattice
vibration localization between weakly bonded sheets. Rather
than manipulate the bonding between weakly bonded layers,
we demonstrate how signiﬁcant increases in thermal
conductivity can be achieved via hydrogen content reduction
and a corresponding increase in carbon network connectivity
of a-C:H.
While a-C:H traditionally has not been used for applications
in which thermal conductivity is of concern, its novel response
to irradiation has potential for application in the fabrication of
“thermal circuits”. Such circuits allow for engineering of heat
ﬂuxes through a system, including ﬂow through resistive,
capacitive, and switching components in a manner analogous
to integrated electronic circuits.26,27
Furthermore, the ability to improve or even “tune” the
thermal conductivity could have beneﬁt for amorphous carbon
switching devices that operate on a current driven heating of
the device to switch from a low- to high-resistance state.28
There has also been some interest in hydrogenated amorphous
carbon as a low-k dielectric material for electronic interconnect
structures, for which the thermal properties would be
important.29
The a-C:H ﬁlms for this study were prepared via plasmaenhanced chemical vapor deposition (PECVD) onto Si (001)
substrates. Details of the deposition process are provided in the
Supporting Information. In short, three ﬁlms, nominally 200
nm thick (hereafter referred to as Films 1−3), were fabricated
with varying concentrations of carbon and hydrogen. For
reference, the atomic composition of each ﬁlm, measured via
combined Rutherford backscattering spectroscopy (RBS) and
nuclear reaction analysis (NRA) measurements,30 is tabulated
in Table 1. The sp2/sp3 ratios were determined via nuclear

Figure 1. Ion concentration and dpa proﬁles determined from SRIM
calculations. (a) displays the dpa proﬁle for amorphous carbon
implanted with C+ at 10−20 keV with a dose of 5.6 × 1014 cm−2. (b)
shows the change in proﬁle for doses spanning 3 × 1014−8.6 × 1014
cm−2 at 14 keV. The corresponding ion concentrations for those
implant parameters are shown in (c) and (d).

the ﬁlms with no penetration into the underlying substrate or
modiﬁcation of the a-C:H/Si interface.
Following implantation, the mass density, ρ, was calculated
from NRA areal concentrations and thickness, d, measurements. The elastic modulus, E, of the ﬁlms was measured with
a diamond-tipped Nano XP nanoindenter in the same manner
as previously reported by Su et al.32 For reference, the mass
density and elastic modulus of the as-deposited ﬁlms are
included with the ﬁlm compositions in Table 1.
The results of the mechanical property characterization are
plotted in Figure 2 as a function of ion ﬂuence (2(a,c,e,g)) and
energy (2(b,d,f,h)). As a function of ion ﬂuence, there are
general increases in density and elastic modulus for all ﬁlms. In
an inverse manner, there is a net reduction in ﬁlm thickness
and hydrogen content. With regard to ion energy, the trends
are similar, albeit more subtle. In the case of ﬁlm thickness,
there is ﬁlm shrinkage for all energies, but there is no
observable trend as a function of energy. Furthermore, the
changes in E, ρ, and %H are smaller relative to the ﬁlms
implanted as a function of ﬂuence, which suggests that ion
ﬂuence plays a more critical role than ion energy over the
studied ranges.
Among the ﬁlm compositions, Film 1 maintained the lowest
hydrogen content before and after implantation and, as such,
was found to be the stiﬀest and most dense of the ﬁlms. In an
opposite manner, Film 3 had the highest concentration of
hydrogen, resulting in the lowest modulus of elasticity, lowest
density, and the highest amount of shrinkage in response to
irradiation. In consideration of density changes from additional
carbon (from the implant process), we compare the ion
concentration determined via SRIM with the average atomic
number density of the ﬁlms. Even in the scenario of highest
added carbon (lowest ion energy with highest ﬂuence), the
ratio of added carbon atoms to the atomic number density of
the ﬁlms is much less than 1%, which illustrates that the

Table 1. Atomic Concentration, Density, Elastic Modulus,
and sp2/sp3 Ratio of the As-Deposited Films
ﬁlm

C (%)

N (%)

O (%)

H (%)

ρ (g cm−3)

E (GPa)

sp2/sp3

1
2
3

66.1
54.3
51.3

0.0
0.4
0.0

0.0
3.7
2.2

33.9
41.7
46.5

1.5
1.4
1.2

61.8
18.4
6.2

1.9
2.1
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magnetic resonance (NMR) analysis. This 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.
Following deposition, the a-C:H ﬁlms were exposed to C+
ion implantation: ﬂuences of 3 × 1014, 5.8 × 1014, and 8.6 ×
1014 cm−2 (all at an energy of 14 keV) and energies of 10, 14,
and 20 keV (all at a ﬂuence of 5.8 × 1014 cm−2). For insight
into the distribution of implanted carbon and the corresponding displacements-per-atom (dpa) proﬁle, stopping and range
of ions in matter (SRIM)31 simulations were performed for
each implant energy. For these simulations, a two-layer system
was modeled consisting of a 200 nm a-C:H region (assuming
atomic concentrations of 0.6, 0.35, and 0.05 for C, H, and O,
respectively) atop a silicon substrate. Damage calculations were
performed with Kinchin-Pease estimates, and the vacancy
output was then taken to compute the dpa. The results of the
simulations are displayed in Figure 1 as a function of ion
energy and ﬂuence. In general, the domain of both the ion
concentration and dpa proﬁle are limited to within the a-C:H
layer, which indicates that all ion modiﬁcation occurs within
3936
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and probe beams, respectively, with powers of 10 and 4.7 mW.
The pump was modulated at a frequency of 8.8 MHz. The
ratio of the reﬂected probe signal, recorded with a lock-in
ampliﬁer, was analyzed as a function of the pump delay time
and ﬁtted with a multilayer heat diﬀusion model,35 in which
the thermal conductivity of the a-C:H ﬁlm was treated as a ﬁt
parameter. The volumetric heat capacity of the ﬁlms was
calculated from a modiﬁed Kopp’s rule36−38 utilizing the
atomic concentration and densities of the ﬁlms, which results
in values ranging from 1.61 to 1.77 MJ m−3 K−1. Additional
details on the model parameters are provided in the
Supporting Information.
The measured thermal conductivity is plotted in Figure 3. As
a function of ﬂuence (3(a)), the thermal conductivity is found

Figure 3. Measured thermal conductivity for each ﬁlm as a function of
ﬂuence (a) and ion energy (b) as well as normalized thermal
conductivity as a function of ﬁlm shrinkage (c), density (d), elastic
modulus (e), and hydrogen content (f). The dashed lines in (a,b)
serve as a guide for the eye. The solid line in (d−f), κmin, displays the
normalized thermal conductivity based upon an amorphous limit
model.

Figure 2. Film shrinkage, density, elastic modulus, and hydrogen
content as a function of ion ﬂuence (a,c,e,g) and energy (b,d,f,h). The
results for 0 cm−2 and 0 keV correspond to the as-deposited ﬁlm.

to trend in a similar manner as the elastic modulus and density;
larger ion ﬂuences yield larger increases in thermal
conductivity over the as-deposited ﬁlms. In the case of Films
2 and 3, the enhancement is signiﬁcant, increasing by factors of
1.6 and 3, respectively, between the as-deposited ﬁlms and
those exposed to a ﬂuence of 8.6 × 1014 cm−2. Film 1, with a
lower hydrogen content preirradiation, does not display an
observable trend as a function of ion ﬂuence but retains a
higher overall average thermal conductivity of 0.75 ± 0.07 W
m−1 K−1. As a function of ion energy (3(b)), there are similar
results in that there is no observable trend for Film 1 but large
overall increases for Films 2 and 3. The thermal conductivity
increase at the highest energy is marginally smaller than that of

increased mass density is not strongly attributed to the
introduction of additional carbon.
Following measurement of the mechanical properties, the aC:H ﬁlms were coated with a nominally 80 nm aluminum ﬁlm
via electron beam evaporation to serve as an optothermal
transducer for time-domain thermoreﬂectance (TDTR)
measurements. In short, TDTR is an optical pump−probe
technique, in which the temperature-induced reﬂectivity
change is modeled to deduce thermal properties such as
thermal conductivity.33,34 A Ti:sapphire laser with an 80 MHz
repetition rate was used for the TDTR measurement. 1/e2
beam diameters of 15.5 and 7.2 μm were used for the pump
3937
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the highest dose, again suggesting a stronger correlation
between ion dose and structure modiﬁcation within the
implant dose and ﬂuence ranges studied here.
For additional insight into the inﬂuence of changes in
mechanical properties and ﬁlm composition, we plot the
thermal conductivity as a function of ﬁlm shrinkage, density,
elastic modulus, and hydrogen content (Figure 3(c−f)). The
thermal conductivity is considered in the framework of the
“amorphous limit” model based upon the work of Cahill,
Watson, and Pohl.39 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.40 As the nominal accuracy
of this model is variable depending upon the material
system,40−42 we focus upon the trends in relation to the
experimental data. For example, the model generally overpredicts the experimental values by up to a factor of 2, with the
highest overpredictions for Film 1 and lowest overpredictions
for Film 3. Such overprediction from the amorphous limit
model has been previously observed in hydrogenated ﬁlms,40,43
however, and is largely attributed to the reduction in the
connectivity of covalent bonded atoms.40 Therefore, for a
clearer comparison of model trends relative to experimental
measurements, we display the normalized thermal conductivity
in each plot (Figure 3(d−f)). To be clear, the experimental
and model values are normalized by the highest value within
the given range. Additional details on the calculations are
provided in the Supporting Information.
The models for normalized thermal conductivity trend in a
similar manner to the experiment. The thermal conductivity is
not calculated as a function of thickness due to the diﬀering
behaviors between ﬁlms (Figure 3(c)): for ﬁlm sets 2 and 3, as
the magnitude of the change in ﬁlm thickness grows larger (i.e.,
there is greater shrinkage caused by irradiation), the thermal
conductivity nominally increases. This can be distinctly
observed for Film 3 where the normalized thermal conductivity
increases from 0.25 to 0.73 W m-1 K−1 for shrinkage values of 0
and 12.1%, respectively. For Film 1, there is comparatively less
shrinkage in response to ion exposure and no observable
relation between thickness and thermal conductivity. Collectively, increases in thermal conductivity are observed for
corresponding increases in the density and elastic modulus
(Figure 3(d,e)). In contrast, there is a sharp reduction in
thermal conductivity as a function of hydrogen content, which
yields an expected reduction of nearly 70% as the hydrogen
content is increased from 31 to 42% (Figure 3(f)). The
contrasting responses of the ﬁlms, in response to irradiation,
demonstrate a stiﬀening of the material, suggesting an
enhancement the network connectivity of the carbon and
resulting in improved vibrational thermal transport.
In a prior study of thermal transport in hydrogenated
amorphous ﬁlms, Braun et al.40 concluded that the length
scales of energy exchange are modiﬁed by hydrogen, with
larger hydrogen contents yielding more localized energy
transport and therefore lower thermal conductivities. In the
case of Film 1, the hydrogen content reduction is minimal,
suggesting that energy exchange length scales would not vary
greatly. Qualitatively, this can be observed by analysis of
variation in the vibrational spectra through Fourier transform
infrared spectroscopy (FTIR). We note that while FTIR is
blind to C−C sp3 bonding, there remains a weak signal for sp2
C=C bonding, from which insight can be obtained regarding
changes in the postimplant bonding environment. Figure 4
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Figure 4. Representative FTIR absorbance spectra (for Film 3) for all
ion ﬂuences (a) and energies (b) over a range of 800 to 3200 cm−1.
Spectra for all ﬁlms are provided in the Supporting Information. The
Greek letters, δ and ν, refer to the types of vibrations, bending and
stretching, respectively.

displays the representative FTIR spectra collected over a range
of 800 to 3200 cm−1 for each ion ﬂuence (4(a)) and ion
energy (4(b)). The spectra from Film 3 is displayed here, as
the absorbance changes are most clearly observed in response
to ion implantation (the spectra for all materials are provided
in the Supporting Information). Over the measured range,
there are several absorbance peaks associated with carbon
bond vibrations: a C−H stretching band at 2930 cm−1, weaker
C−H bands at 1360, 1450, and 3030 cm−1, as well as a C=C
stretching band at 1600 cm−1. In response to ion implantation,
the FTIR spectra indicate a reduction in the degree of C−H
bonding, as evidenced by the overall reductions of the
absorbance peaks associated with C−H bonds. In contrast,
there is an increase in the absorption peak at 1600 cm−1
indicating an increase in the degree of covalent carbon bonds.
Similar trends are observed as a function of increasing beam
energy, shown in Figure 4(b).
The spectra for Films 1 and 2 are provided in the Supporting
Information. In summary, we note that, in comparison to Film
3, there is little observable diﬀerence in the FTIR absorbance
spectra for Film 1 as a function of ion ﬂuence and only a minor
modiﬁcation of the C=C peak as a function of ion energy; Film
3938
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2 yields the same trends as Film 3, with more subtle reductions
in the C−H peak at 2930 cm−1 but a larger increase of the
C=C peak at 1600 cm−1. Taken together, the reductions in the
C−H absorbance peaks and the increase of the C=C
absorbance peak indicate an overall reduction in the degree
of hydrogen-terminated bonds and an increase in the
connectivity of the carbon network. This is consistent with
the trends in thermal conductivity, as ﬁlms with clearer
diﬀerences in absorbance peaks (Films 2 and 3) also result in
greater changes in thermal conductivity in response to ion
implantation. The minimal change in the measured spectra for
Film 1 indicates a lesser degree of change in the carbon
bonding environment relative to the other ﬁlms. This
corresponds to smaller changes in the resultant length scales
for energy exchange within the ﬁlms, resulting in minimal
change of the thermal conductivity. For this study, maximum
C+ ion ﬂuences of 8.6 × 1014 cm−2 were utilized. If higher
ﬂuences were utilized to enable further reduction in hydrogen
content, an increase in the thermal conductivity of Film 1
could potentially be achieved.
In consideration of future applications enabled by the
unique thermal conductivity response of irradiated a-C:H, we
compare these results to those from a prior publication from
Choe et al.17 There, the ability to design monolithic thermal
patterns, for the purpose of thermal circuit design, was
demonstrated in silicon membranes through selectively
irradiating regions on the sample. Speciﬁcally, the thermal
conductivity of the silicon membrane was reduced through
He+ irradiation, yielding amorphization of the crystalline
structure in regions exposed to the He+ beam. This technique
allows for the control of heat ﬂuxes via thermal conductivity
reduction that can be directly “written” into the silicon.
Implantation of a-C:H oﬀers a complementary capability, as
the thermal conductivity can be directly increased due to the
irradiation response of the material. The ability to locally
increase thermal conductivity oﬀers a particular beneﬁt as
pathways for the ﬂux of heat (i.e., irradiated regions of higher
thermal conductivity) could be patterned into the material via
ion beam rastering or sample masking. Selective reduction of
thermal conductivity enables an opposite eﬀect.
In summary, we have investigated the response of a-C:H
ﬁlms subjected to C+ ion exposure at assorted ﬂuences and
energies. TDTR was used to measure the thermal conductivity,
which demonstrated signiﬁcant increases depending upon the
initial atomic composition of the ﬁlms. Films with higher
concentrations of hydrogen yielded the highest thermal
conductivity enhancements along with corresponding stiﬀening and densiﬁcation. Assessment of the FTIR spectra
demonstrates a reduction in the degree of hydrogenterminated bonding and an increase in the connectivity of
the carbon network through covalent carbon bonding. This
enhancement of thermal conductivity is unique in comparison
to crystalline materials for which structural modiﬁcation
through irradiation generally results in signiﬁcant reduction.

■

■
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measurements, as well as details on the amorphous limit
model (PDF)
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