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Abstract
Polymer-derived ceramic (PDC) thin films are promising wear-resistant coatings for protecting
metals and carbon–carbon composites from corrosion and oxidation. However, the high
pyrolysis temperature hinders the applications on substrate materials with low melting points.
We report a new synthesis route for PDC coatings using initiated chemical vapor deposited
poly(1,3,5-trivinyl-1,3,5-trimethylcyclotrisiloxane) (pV3D3) as the precursor. We investigated
the changes in siloxane moieties and the network topology, and proposed a three-stage
mechanism for the thermal annealing process. The rise of the connectivity number for the
structures obtained at increased annealing temperatures was found with strong correlation to the
enhanced mechanical properties and thermal conductivity. Our PDC films obtained via
annealing at 850 ◦C exhibit at least 14.6% higher hardness than prior reports for PDCs
synthesized below 1100 ◦C. Furthermore, thermal conductivity up to 1.02 W (mK)−1 was
achieved at the annealing temperature as low as 700 ◦C, which is on the same order of
magnitude as PDCs obtained above 1100 ◦C. Using minimum thermal conductivity models, we
found that the thermal transport is dominated by diffusons in the films below the percolation of
rigidity, while ultra-short mean-free path phonons contribute to the thermal conductivity of the
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films above the percolation threshold. The findings of this work provide new insights for the
development of wear-resistant and thermally conductive PDC thin films for durable protection
coatings.

Supplementary material for this article is available online

Keywords: polymer-derived ceramics, vapor–phase deposition, mechanical properties,
thermal conductivity, thin films

1. Introduction

Polymer-derived ceramics (PDCs) are fabricated through the
pyrolysis of organosilicon polymer precursors. The synthesis
routes for PDCs can be generally applied to ceramic fibers,
coatings, and composites [1, 2]. Among these form factors,
PDC thin films are of particular interest for protecting the sur-
face of carbon materials, C/C composites and metals against
corrosion and wear [3–9]. High operating temperatures and
chemically harsh environments set high demands for the dur-
ability and wear resistance of PDC coatings which are closely
associated with the mechanical properties of the thin film
materials. In applications related to heat transfer, such as steam
methane reforming reactors and heat exchangers, high thermal
conductivity and small coating thickness are desired to reduce
the heat transfer resistance of the protecting layers on the
equipment [10].

Previous studies have explored various polymer
precursors for PDCs, including polysiloxanes (e.g.
polyhydromethylsiloxane [11, 12], poly(triethoxysilane-co-
methyldiethoxysilane) [13], and SR 350 resin [14]) and
polysilsequioxanes [15]. The amount and forms of the carbon
content in the structure [16, 17] and the network connectivity
[18] are generally affected by the pyrolysis conditions [13],
which are important factors for the mechanical properties of
PDCs. While many precursors and pyrolysis conditions have
been investigated, the typical process temperature for PDCs
often exceeds 1000 ◦C, a threshold temperature not met by
many engineering materials for daily applications (e.g. aus-
tenitic Cr–Ni steels (AISI 310 and 316) below 900 ◦C [8]).
Hence, an immediate challenge is to find proper PDC precurs-
ors that are processable at low temperatures.

In this study, we report a new synthesis route for PDC
films using vapor–phase deposited poly(1,3,5-trivinyl-1,3,5-
trimethylcyclotrisiloxane) (pV3D3) as the precursor. Although
solution-based methods such as spraying [19], dip coating
and spin coating [20] are often utilized to coat the polymer
precursors for PDCs, these methods are difficult to apply to
non-planar substrates and poor-wetting surfaces [21]. Altern-
atively, initiated chemical vapor deposition (iCVD) provides
a one-step, solvent free approach to deposit conformal poly-
mer films with thickness control at nanometer scale [22,
23]. This dry process avoids dewetting and pinhole defects
that may appear in solution-based methods, and allows graft-
ing to increase the adhesion to the substrate [24]. Poly-
cyclosiloxane thin films synthesized via iCVD have been
reported with low dielectric constants, low surface energy,

and biocompatible properties, which are promising insu-
lating layers [25, 26] and antifouling coatings [27, 28].
While thermal treatments to iCVD poly(1,3,5,7-tetravinyl-
1,3,5,7-tetramethylcyclotetrasiloxane) (pV4D4) films for low-
k dielectrics [29] and separation membranes [30] have been
previously reported, how temperature-mediated structural
changes affect the mechanical properties and thermal conduct-
ivity of the PDC films derived from iCVD polycyclosiloxane
templates have not yet been investigated as far as we know.

We investigated the structural evolution of iCVD pV3D3

films after thermal annealing at various temperatures, and
explored the relationship between the structure and the mech-
anical/thermal properties. Fourier transform infrared spectro-
scopy (FTIR), X-ray photoelectron spectroscopy (XPS) and
X-ray reflectivity (XRR) were conducted to determine the
changes in structures after annealing. Furthermore, the thermal
transport in these annealed pV3D3 films was measured using
the frequency domain thermoreflectance (FDTR), and elucid-
ated using thermal conductivity models for amorphous mater-
ials. The results reported here are expected to pave the way for
PDC coatings on substrates with low melting points.

2. Methods

2.1. Synthesis and thermal annealing of pV3D3 films

The pristine pV3D3 film was deposited on Si wafer in
a custom-built iCVD reactor. The liquid monomer 1,3,5-
trivinyl-1,3,5-trimethylcyclotrisiloxane (V3D3, TCI, >95%)
and the initiator tert-butyl peroxide (TBPO, Aladdin, 97%)
were utilized without further purification. During the depos-
ition, the V3D3 monomer was heated at 70 ◦C to generate suf-
ficient vapor pressure for delivery to the iCVD chamber at a
flow rate of 0.90 ± 0.02 sccm. The initiator was kept at room
temperature, and delivered at a flow rate of 0.59 ± 0.01 sccm.
The chamber pressure was controlled at 200mTorr by a butter-
fly valve. In a typical iCVD process, the temperature of heated
filaments was controlled at 250 ◦C, while the sample stage was
kept at 30 ◦C by a chiller. The TBPO initiator was cleaved to
form free radicals by the heated filaments, which then reacted
with the adsorbed monomer on the substrate to initiate poly-
merization. The synthesis process is presented in figure 1.

The iCVD deposited pV3D3 film was annealed in ambi-
ent air in a muffle furnace. During the annealing process,
the furnace temperature was slowly ramped up at a rate of
10 ◦C min−1. After annealing for 1 h, the resulting film was
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Figure 1. Schematic illustration of an iCVD reactor.

cooled down to room temperature and then collected from
the furnace. We investigated the annealing temperatures of
200 ◦C, 400 ◦C, 550 ◦C, 700 ◦C and 850 ◦C.

2.2. Materials characterization

The morphology of the pristine film and annealed films were
characterized using scanning electron microscopy (SEM, SU-
8010, Hitachi) and atomic force microscopy (AFM, Dimen-
sion Icon, Bruker). The AFM measurements were performed
in tapping mode over an area of 5 µm × 5 µm. The thickness
of the pristine film and annealed films was measured utilizing
a profilometer (DEKTAK-XT, Bruker).

Attenuated total reflectance-FTIR spectra were recor-
ded with a Nicolet iS50 (ThermoFisher Scientific) using a
DTGS-KBr detector. Measurements were carried out over the
wavenumber range of 400–4000 cm−1 with a resolution of
4 cm−1.

XPS analysis was carried out on a ThermoFisher photo-
electron spectrometer (ESCALAB Xi+) to analyze the chem-
ical composition of the films. A monochromated Al Kα X-ray
source (1486.6 eV; 500 µm; 500 W) was used as the excita-
tion source. High resolution spectra were captured using a pass
energy of 20 eV with step size of 0.1 eV. All data were charge-
corrected to C 1s at 284.5 eV. Avantage software was used to
process the XPS data.

XRR measurements were performed using a Rigaku
Smartlab X-ray diffractometer (Cu Kα X-ray source). The
incident angle below which total reflection occurs is referred
as the critical angle, θc. The mass density ρ can be calculated
from θc through the following equation

θ2c
ρ

=
reλ2ZNA

πA
(1)

where re is the classical electron radius (2.82 × 10−15 m), λ
is the X-ray wavelength, Z is the atomic number, NA is the
Avogadro’s number, and A is the mass number.

2.3. Nanoindentation

The hardness and modulus of the pristine and annealed pV3D3

films were carried out using a Keysight G200 nanoindenter.
Continuous stiffness measurements with a frequency of 75 Hz

Figure 2. Schematic of the FDTR setup. The abbreviations are
EOM (electro-optic modulator), BS (beam sampler), PBS (polarized
beam splitter), OBJ (objective lens), BP (bandpass filter), and PD
(photodiode detector).

and a displacement amplitude of 1 nm were adopted for ana-
lyzing the mechanical properties. A Berkovich diamond tip
was indented into the sample with a strain-rate of 0.05 s−1.
To minimize the substrate effect, the hardness and modulus
are reported at the depth of ca. 10% of the film thickness.

2.4. FDTR

The thermal conductivity of pV3D3 films at room temperat-
ure was measured using the FDTR [31, 32]. The pristine and
annealed pV3D3 films grown on the silicon substrate were first
coated with 70 nm of gold to improve the optical reflectance
signal. As shown in figure 2, our FDTR setup uses an intensity-
modulated pump laser (488 nm) to heat the sample surface
periodically. A 532 nm green laser probes the resulting tem-
perature response on the gold surface. The phase lag between
the pump laser (heat flux) and the probe laser (temperature
rise) is recorded by a lock-in amplifier over frequencies ran-
ging from 60 kHz to 5.2 MHz. The thermal properties of the
pV3D3 samples were then extracted by fitting the phase lag
data to the multilayer heat conduction model [33].

The input properties of the gold, pV3D3 films, and silicon
for the multilayer heat conduction model are characterized
separately or obtained from the literature. The thickness of
the gold layer and pV3D3 films were measured by a profilo-
meter. The thermal conductivity of the gold layer was calcu-
lated using the Wiedemann–Franz law after its electrical con-
ductivity was measured using a four-point probe. The thermal
conductivity of the silicon substrate was determined by separ-
ate FDTRmeasurements. Details of the FDTR fit can be found
in the supplementary information.

2.5. Wear resistance test

Thewear resistance performance of the pristine pV3D3 coating
and the PDC film derived from annealing at 850 ◦C were eval-
uated through a tribology system (UMT-2, Bruker) at room
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temperature. A constant load of 5 N was applied by a friction
pair, which was composed of friction surface of Φ3 mm alu-
mina ball. After the load was applied, the sample was cycled
in a reciprocating motion with a speed of 60 mm s−1 and a
travel distance of 20 mm. After 30 min, the surface morpho-
logy and the bulk worn loss were obtained by an optical pro-
filer (MicroXAM-800, KLA-Tensor). The wear rate was cal-
culated based on the net volume worn loss obtained from the
optical profiler. More calculation details can be found in the
supplementary information. The mass loss was obtained by
weighing the mass before and after the wear using an analyt-
ical balance (Mettler Toledo).

3. Results and discussion

3.1. Structure transition

The morphology of the pristine iCVD pV3D3 and the annealed
films were carried out using SEM and AFM (figure 3). The
pristine film (figure 3(a)) exhibits a low surface roughness
of 0.53 nm, similar to prior reports [34]. The film thickness
(390 nm)measured from the cross-sectional SEM (figure 3(g))
corresponds to a deposition rate of 0.8 nmmin−1. No cracks or
other defects were observed after thermal annealing at differ-
ent temperatures. The surface roughness of the films annealed
at different temperatures ranges from 0.39 nm to 0.61 nm,
which is similar to the pristine pV3D3 film. The film thickness
was found to decrease after annealing at 400 ◦C and 800 ◦C
(figures 3(h) and (i)), which agrees with the past reports on
PDC films [13, 18].

Figure 4(a) shows the FTIR spectra for the pristine and
annealed pV3D3 films. For the as-deposited pV3D3 thin film,
the peak at 1003 cm−1 is associated with the asymmet-
ric stretching of Si–O–Si [22, 35]. The absorption band at
740 cm−1 is attributed to Si–O–Si symmetric stretching mode
(υs(Si–O–Si)), while the band at 795 cm−1 is attributed to Si–
CH3 rocking (ρ(Si–CH3)) in D units [O2SiR2] [36]. In addi-
tion, the characteristic peak at 1260 cm−1 represents the Si–
CH3 symmetric bending mode (δs(Si–CH3)) of D units [29,
37]. The wagging mode of CH2 (ω(CH2)) in the pendant vinyl
groups appears at 970 cm−1, which is consistent with the pre-
vious reports for iCVD pV3D3 [38].

After annealing at 200 ◦C, the decrease of absorbance at
970 cm−1 of pV3D3 indicates the increased degree the cross-
linking for the pendant vinyls [39]. Complete conversion of
the pendant vinyls after annealing at 400 ◦C was confirmed by
FTIR, as the ω(CH2) at 970 cm−1 disappeared.

The absorbance of the ρ(Si–CH3) at 795 cm−1 in theD units
of pV3D3 was found to decrease after the film was annealed at
temperature range from 400 ◦C to 550 ◦C. The new absorp-
tion peak at 780 cm−1 can be attributed to the ρ(Si–CH3) and
υ(Si–C) modes in T groups [36]. Additionally, compared with
the pristine and the annealed pV3D3 at 200 ◦C, the δs(Si–
CH3) peak shifted from 1260 cm−1 to 1273 cm−1, which
is another clear evidence for the conversion from D units to
T units [29, 40].

The υas(Si–O–Si) peak of the pristine pV3D3 evolved
into multiple peaks at a higher wavenumber range (from
1032 to 1130 cm−1) after annealing at 400 ◦C–550 ◦C,
suggesting changes in the Si–O–Si bonds. Previous reports
have found that the υas(Si–O–Si) shifts to higher wavenum-
bers with increased Si–O–Si bond angles (∠Si–O–Si) [36].
Here, the absorption peaks at 1032 cm−1, 1060 cm−1,
and 1130 cm−1 are assigned to strained siloxane rings
(∠Si–O–Si < 140◦), networks (∠Si–O–Si ≈ 140◦), and cage struc-
tures (∠Si–O–Si ≈ 150◦), respectively [36]. These results indic-
ate the oxidation of the alkyl groups on the D units and
the formation of Si–O–Si bridges (figure 4(b)). For anneal-
ing temperatures ⩾700 ◦C, the two broad peaks at 1060 and
1180 cm−1 indicate the generation of Q units [O4Si] [41] and
therefore silica-like structures [42].

Figure 5(a) represents the contents of C, O and Si in the
pristine and annealed pV3D3 films determined by XPS. The
C concentration was found to decrease with the rise of the
annealing temperature. The pristine pV3D3 contained 55% of
C, while the C content reduced to 46%, 24%, 17%, 8% and
5% for the films annealed at 200 ◦C, 400 ◦C, 550 ◦C, 700 ◦C
and 850 ◦C, respectively. The proportion of O substantially
increased from 23% in the pristine pV3D3 film to 59% in the
film annealed at 850 ◦C, which reflects the gradual oxidation
process during the thermal annealing in air.

As shown in figure 5(b), the shifts of Si 2p towards lar-
ger binding energy reveal the changes of siloxane structures.
According to O’Hare et al [43], four types of siloxanes cor-
respond to different binding energies: mono-functional (M)
units at 101.4 eV, di-functional (D) units at 102.0 eV, tri-
functional (T) units at 102.8 eV, and quad-functional (Q) units
at 103.2 eV. After the C 1s spectrum was charge-corrected to
284.5 eV, the deconvolution of Si 2p peaks (figures 5(c)–(g))
allowed us to determine the composition [44].

Figure 5(h) shows the percentages of D, T and Q
units among all the siloxane moieties in the pristine and
annealed pV3D3 films processed at different temperatures.
With increased annealing temperature, the fraction of D units
decreased from 100% in the pristine film to 10% in the
annealed film at 850 ◦C. Notice that a rapid drop of D percent-
age was found for the annealing condition of 400 ◦C, accom-
paniedwith substantially increased amount of T groups as well
as newly-formed Q groups. These results agree well with the
FTIR data and indicate that most of the D groups were con-
verted in the temperature window below 400 ◦C.

We found that the primary source for Q units is through
the conversion from T groups. The gradual increase of T per-
centage to 56% below 400 ◦C and the subsequent decrease
down to 0% at higher temperatures in figure 5(h) indicate that
T units are not stable in an oxidative, high-temperature con-
dition. Noticeably, dramatic changes in T and Q percentages
were found in the temperature range from 550 ◦C to 700 ◦C,
while the amount of D units was only reduced by 4% in the
same temperature range. These results, together with the fact
that the generation of Q units lagged behind T units, confirm
that the Q units mainly resulted from the oxidation of T units.
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Figure 3. Morphology of the pristine and annealed pV3D3 films. AFM images (5 µm × 5 µm) of (a) pristine pV3D3 film and the films
annealed at (b) 200 ◦C, (c) 400 ◦C, (d) 550 ◦C, (e) 700 ◦C, and (f) 850 ◦C. Cross-sectional SEM images of (g) pristine film and films
annealed at (h) 400 ◦C and (i) 850 ◦C. The dashed line in (i) indicates the interface between the film and the Si substrate.

Compared with D units which can only form siloxane
chains or rings, the evolution of T and Q units enables the
formation of 3D network and cage structures. Such struc-
tural evolution can be quantified by the connectivity number
⟨r⟩, which has been defined as the average ratio of network-
forming bonds to network-forming atoms in a polymeric
structure [29, 45–47]. We first adopted the connectivity num-
ber reported for an organosilicate glass film with SixOy(CH3)z
formula [40], where the relative fractions x, y, and z can be
determined via XPS and FTIR

⟨r⟩= (4x− z)+ 2y
x+ y

. (2)

The calculated connectivity number for the pristine and
annealed pV3D3 films are shown in figure 5(i). The ⟨r⟩ value
increased as a function of the annealing temperature. Notice-
ably, a sharp rise of the ⟨r⟩ value to 2.48 was found in the tem-
perature range from 200 ◦C to 400 ◦C, possibly because of
the rapid evolution of T and Q units in the annealed pV3D3.
This connectivity transition occurred at lower temperature

than the range reported for pV4D4 (400 ◦C to 600 ◦C) [30],
indicating that the strained, six-membered rings in pV3D3

[48] are more prone to form highly connected topologies
at mild annealing conditions than the eight-membered rings
in pV4D4.

We found that the structural evolution of pV3D3 at high
annealing temperatures complicates the determination of the
connectivity number. The assumption of all C atoms in form
of methyl groups in equation (2) may not be valid for high
process temperatures (e.g. ⩾700 ◦C). Instead of being ter-
minal points with negative contribution towards the connectiv-
ity number, the carbon atoms may form tetrahedron structures
with four Si–C bonds which positively contribute to the con-
nectivity number. Assuming that all the remaining C atoms
in the annealed films exist in the form of Si4C, we propose a
modified connectivity number for annealed PDC films with a
SixOyCz formula:

⟨r⟩= 4x+ 2y+ 4z
x+ y+ z

. (3)
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Figure 4. Structural evolution of the pristine and annealed pV3D3 films. (a) FTIR spectra of the pristine and annealed pV3D3 films.
Absorption peaks are associated with major vibration modes: ν stretching, ρ rocking, δ bending, ω wagging, s symmetric, and as
asymmetric vibrations. (b) Proposed reaction route for the formation of Si–O–Si bridges between the cyclosiloxane rings.

The ⟨r⟩ value defined in equation (2) provides lowest estim-
ation for the connectivity number, while the modified ⟨r⟩ value
in equation (3) gives the upper limit for the connectivity num-
ber, because free forms of carbon with no contribution to the
connectivity has also been reported in PDCs [13]. Accord-
ingly, the connectivity number range estimated for the films
annealed at 700 ◦C and 850 ◦Cwere 2.68–2.88, and 2.70–2.86,
respectively.

We measured the density of the pV3D3 films using XRR
(figure 6), and found step increases with the rise of anneal-
ing temperature. The density of the pristine pV3D3 film was
1.24 ± 0.02 g cm−3, similar to the previous reports [26,
49]. After the film was annealed at 200 ◦C, the density
remained the same as the pristine film. The film density rose to
1.44 ± 0.03 g cm−3 after annealing at 400 ◦C, while another
jump in the film density to 2.10 ± 0.06 g cm−3 was observed
in the temperature range between 550 ◦C and 700 ◦C. We cal-
culated the film thickness retention based on the profilometer
data acquired before and after thermal annealing (figure 6, see
details in table S1), which agrees with the change of film dens-
ity. The step changes in film density, together with the FTIR
and XPS analysis, suggest the following three-stage mech-
anism for the structural evolution during thermal annealing
(figure 7):

(i) Crosslinking of pendant vinyls, and slow oxidation of D
units to T units were mainly involved in the first stage of
thermal annealing for pV3D3.

(ii) Cleavage of C–C bonds in the polymer backbones, rapid
oxidation from D units to T units, and partial conversion
of T units to Q units occurred in the second stage.

(iii) Complete oxidation of T units to Q units was the primary
reaction in the third stage during the thermal annealing
process.

3.2. Enhanced mechanical properties

Enhancement of Young’s modulus and hardness were found
after the pV3D3 films were annealed. Figures 8(a) and (b) rep-
resent the modulus and hardness versus displacement curves
plotted for the pristine and annealed films. Continuous stiff-
ness methods were utilized in the nanoindentation measure-
ments, and the Young’s modulus and hardness (figure 8(c))
were reported at 10% of the film thickness to remove substrate
contribution [50].

TheYoung’smodulus and hardness of the pristine filmwere
6.3± 0.3 GPa and 0.41± 0.02 GPa, respectively, which agree
well with the previously reported value [48]. The changes in
the mechanical properties for the pV3D3 films annealed at
200 ◦C were negligible. The Young’s modulus increased to
6.7± 0.2GPa at 400 ◦C and 13.1± 0.3GPa at 550 ◦C, respect-
ively. Improvement of film hardness by over 100% was also
found at annealing temperatures ⩾400 ◦C.

These changes in the mechanical properties can be
explained by the rise of the connectivity number [29, 40]. The
connectivity number for the pristine and the annealed pV3D3
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Figure 5. Changes in the composition of the pristine and annealed pV3D3 films. (a) XPS element ratio of pristine film and films at different
annealing temperatures. (b) XPS binding energy shifts of Si 2p with different annealing temperatures. (c)–(g) Curve-fits for the Si 2p core
level of films annealed at (c) 200 ◦C, (d) 400 ◦C, (e) 550 ◦C, (f) 700 ◦C, and (g) 850 ◦C. (h) Proportions of D, Q and T units among the
siloxane groups in the pristine and annealed films. (i) Connectivity number of pV3D3 and pV4D4 films (blank red square for pV3D3

calculated using equation (2)), filled red square for pV3D3 calculated using equation (3), blank blue circle for pV4D4 calculated using
equation (2) from [30].

Figure 6. Density (black square) and thickness retention (red diamond) of the pristine and annealed pV3D3 films.
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Figure 7. Proposed structure changes during thermal annealing process.

Figure 8. Enhanced mechanical properties of the pristine and annealed pV3D3 films. (a) Young’s modulus and (b) hardness of the pristine
film and films at different annealing temperature as a function of indent displacement. (c) Average values of the Young’s modulus and
hardness versus annealing temperature. (d) A comparison between this work and previous reported hardness for the PDC films obtained at
different annealing temperatures.

at 200 ◦C were below the percolation of rigidity, which was
defined as a composition transition point at ⟨r⟩ = 2.4 [51].
Such systems can be considered as underconstrained or nonri-
gid state with low sensitivity of mechanical properties towards
the topological changes. In comparison, the connectivity num-
ber for the films annealed at temperatures⩾400 ◦Cwere above

the percolation threshold, which reflects the transition into the
overconstrained or rigid state. Consequently, Young’s modu-
lus becomes sensitive to changes in the connectivity number,
exhibiting a power dependence on the connectivity number
beyond the rigidity percolation threshold [52, 53]. Indeed, we
found a significant boost in the mechanical properties for the
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Figure 9. Wear rate and mass loss of 316 SS sheets without coating,
with pristine pV3D3 coating, and with PDC coating obtained via
annealing at 850 ◦C.

films annealed at 700 ◦C and 850 ◦C. The Young’s modulus
was 44.6± 1.0 GPa at 700 ◦C, and 75.9± 0.9 GPa at 850 ◦C,
respectively.

We compared our hardness results with those previously
reported PDCs in figure 8(d). Our coatings obtained via
annealing at 850 ◦C show at least 14.6% higher hardness
than previously reported PDCs annealed at the temperat-
ure ⩽1100 ◦C, indicating the possibility to achieve dur-
able PDC coatings for engineering metal materials with low
melting points. The enhanced mechanical properties can be
explained by the Si–O–Si bridges formed by the participa-
tion of oxygen in thermal annealing to increase the network
connectivity [29, 40], and the replacement of carbon by oxy-
gen to avoid the generation of free carbon regions which
have been reported to decrease the mechanical properties of
PDCs [13, 54].

Wear test was carried out on a tribology system [55–
57]. The wear resistance of uncoated 316 stainless steel
(316 SS) was compared with 316 SS with unannealed
pV3D3 coating, and 316 SS with PDC coating derived
from annealing iCVD pV3D3 at 850 ◦C. The wear rate of
316 SS was 6.8 × 10−5 mm3 N−1 m−1 (sliding speed of
60 mm s−1, 5 N of applied load), which is similar to the
data obtained under similar friction conditions in literature
(6.2 × 10−5 mm3 N−1 m−1, sliding speed of 25 mm s−1,
6 N of applied load) [58]. The wear rate of 316 SS with the
unannealed pV3D3 coating was found similar to the uncoated
316 SS, while our PDC coating reduced the wear rate by 23%
to 4.8 × 10−5 mm3 N−1 m−1. Moreover, compared with the
mass loss (1.31 mg) of the uncoated 316 SS due to the wear
test, PDC-coated 316 SS also exhibited a 24% lower mass loss
(1.23 mg) after testing (figure 9). These results indicate good
wear resistance of our PDC film derived from annealing iCVD
pV3D3 at 850 ◦C.

Figure 10. Thermal conductivity of the pristine and annealed
pV3D3 films. (a) Experimentally measured FDTR phase lags and
the best-fit curves. (b) The measured thermal conductivity versus
annealing temperature for various PDC materials (SiO1.52C1.11 and
SiO1.51C1.10 from [62], SiO1.77C0.4 and SiO1.84C0.46 from [63],
SiO1.54C0.53 and SiO1.59C0.66 from [64]).

3.3. Improved thermal conductivity

We employed the FDTR technique to analyze the thermal
conductivity of the pristine and annealed pV3D3 films. Their
thermal conductivity and volumetric heat capacity were
extracted by fitting the measured phase lag to the heat conduc-
tion model, as plotted in figure 10(a). The interfacial thermal
conductance between the gold and pV3D3 films was assumed
as 50 MW (m2K)−1 (a typical value for a metal–amorphous
interface) [59–61]. The exact magnitude has minimal effect
on the results due to its low sensitivity (see details in the sup-
plementary information).

The measured thermal conductivity values of the pV3D3

films are presented in figure 10(b), together with some other
PDC materials. As the annealing temperature increases from
room temperature (pristine) to 700 ◦C, the thermal con-
ductivity increases by approximately six-fold from 0.18 to
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1.02 W (mK)−1. The main change occurs in the temperat-
ure range from 550 ◦C to 700 ◦C, suggesting a significant
structural change. Compared with other PDC materials, the
thermal conductivity of our pV3D3 films annealed at 700 ◦C
reached a similar order of magnitude as other PDCs treated
above 1100 ◦C.

As the pV3D3 films are inherently disordered, we compared
the measured thermal conductivity values with the theoret-
ical results from two thermal conductivity models used often
for amorphous materials, i.e. the Cahill–Pohl model [65] and
the diffuson-mediated model [66]. The Cahill–Pohl minimum
thermal conductivity limit is given by

kmin =
(π
6

)1/3
kBn

2/3
∑
i

vi

(
T
Θi

)2
Θi/Tˆ

0

x3ex

(ex− 1)2
dx. (4)

The summation in equation (4) is over the two transverse
(i.e. i = T) and one longitudinal (i.e. i = L) acoustic modes,
n is the number density of atoms, vi is the sound speed,

and Θi = vi (ℏ/kB)
(
6π 2n

)1/3
is the Debye temperature of the

ith polarization mode. This model treats the heat carriers as
phonon particles with a maximum mean free path of each
phonon to be half of its wavelength. Following the Allen-
Feldman theory [67] and considering the heat transport as
entirely driven by the diffusons, Agne et al derived the room–
temperature diffuson-mediated minimum thermal conductiv-
ity for amorphous materials as

kdiff = 0.61
n1/3k2BΘD

πℏ
(5)

where ΘD = vs (ℏ/kB)
(
6π 2n

)1/3
is the Debye temperature

calculate from the arithmetic average sound speed, vs =
1
3 (2vT+ vL). This expression is derived by assuming the max-
imum value for diffuson diffusivity [66].

In both models, the calculation requires the sound speed
and number density of atoms in the material. In this study,
we calculated the sound speed and number density of atoms
from the XRR-derived density, the nanoindentation-derived
Young’s modulus, and the XPS elemental ratio (see details
in supplementary materials). Figure 11 shows the comparison
between the experimental and the theoretical values, with the
light blue shaded area representing the composition transition
region (i.e. 2.4< ⟨r⟩< 2.5) [52, 53]. A polymer is undercon-
strained and soft below 2.4, while overconstrained and rigid
when above 2.4. Our thermal conductivity trend exhibits a sim-
ilar bifurcation behavior separated by this transition region.
When annealed at temperatures below 400 ◦C, the thermal
conductivity of the pV3D3 films is better described using the
diffuson-mediated model. This result suggests that the diffus-
ons carry heat in the underconstrained pV3D3, imparting a
very low thermal conductivity. The experimental results in this
region are a bit lower than the calculated diffuson-mediated
results that used the maximum diffuson diffusivity, probably
due to some localized vibrational modes (locons) that contrib-
ute to the heat capacity but not to the thermal transport. On the
other hand, when annealed at temperatures above 550 ◦C, the

Figure 11. Cahill–Pohl thermal conductivity limit kmin (star),
diffuson-mediated minimum thermal conductivity kdiff (cross),
together with the experimental data (circles) of pV3D3 annealed at
various temperatures. Subscript 1 represents zero hydrogen element
limit, and subscript 2 represents maximum hydrogen element limit
(element ratio of carbon to hydrogen is 1:2, as in a monomer V3D3).
The shaded region indicates the composition transition region with
the ⟨r⟩ value between 2.4 and 2.5.

measured thermal conductivity values increased and became
more consistent with predictions from the Cahill–Pohl model.
This result, perhaps, indicates that phonons at the maximum
scattering limit facilitate the thermal transport in this over-
constrained region. This change in the transport mechanism
reflects the changes in the structure, as a more extensively
linked network is created after annealing at a higher temperat-
ure. For the shaded region, the thermal transport transits from
a diffuson-dominated process to one with increased particip-
ation of ultra-short mean-free path phonons. This transition
will require further investigation, although a similar trend was
reported recently for amorphous chalcogenides [68].

4. Conclusions

In conclusion, we have developed a new synthesis route
for PDC films using iCVD pV3D3 as the precursor tem-
plate. Changes in the composition of siloxane (D, T and Q)
unites and the network topology of the pV3D3 films after
thermal annealing reveal a three-stage reaction mechanism at
low, middle and high temperature zones. We found that the
increase of the connectivity number endowed the improve-
ment in mechanical properties and thermal conductivity. Com-
pared with the previously reported PDCs synthesized below
1100 ◦C, our pV3D3 films annealed at 850 ◦C exhibit at least
14.6% higher hardness. Furthermore, we achieved thermal
conductivity up to 1.02W (mK)−1, which is on the same order
of magnitude as PDCs obtained above 1100 ◦C. The meas-
ured thermal conductivity has also been well described by the
minimum thermal conductivity models for amorphous mater-
ials. The process developed here and the key findings in this
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work are expected to promote the future development of wear-
resistant and thermally conductive PDC coatings.
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