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ABSTRACT: The thermal properties of the polymer, together with mechanical
stability, have been one of the key engineering factors to be considered for various
applications. Here, we engineered the thermal conductivity of the amorphous
poly(acrylic acid) (PAA) polymer by vapor-phase infiltration (VPI), which has usually
occurred during the atomic layer deposition process. We observed that the VPI causes
metal infiltration (e.g., Al and Zn) into the amorphous PAA polymer, which noticeably
increases the thermal conductivity of the PAA polymer. From spectroscopy analysis
and density functional theory simulations, we found that the carboxyl groups
(−COOH) in PAA are notably modified and the bonding states of carbon and oxygen
are significantly altered by the infiltrated metal. The newly formed Al-mediated bonds
likely provide continuous phonon propagation pathways, thereby enhancing the
thermal conductance. We believe that VPI could be a simple and useful way to
engineer the thermal properties of various polymeric materials.

■ INTRODUCTION
The thermal conductivity (k) of the polymer, unlike common
thermal management materials such as metals and ceramics, is
generally poor. Nevertheless, its incommensurable advantages
(such as lightweight, low cost, and processability) make the
polymer the material of choice for various heat-involved
applications.1 The mechanism regarding thermal transport in
the polymer has been long investigated.2,3 Phonon (i.e.,
quantized lattice vibration wave) is the central thermal energy
carrier in the polymer, which can travel linearly along a
continuous path of chemical bonds. Considering the plane
wave nature of phonons, propagation of phonons is strongly
affected by the curvature and the sequence of the polymer
chains. Chain entanglement, poor chain packing, and weak
interchain interaction (i.e., van der Waals bond and hydrogen
bond) are lethal factors to hinder the phonon propagation in
the polymer.4 In the literature, the filler-free approach (such as
changing the degree of crystallinity,3,5 the molecular bond
strength,6 the degree of cross-linking,7 or the chain align-
ment8) was reported to be promising to increase the thermal
conductivity of the polymer. Cross-links are known to form
efficient heat conduction networks and pathways by connect-
ing polymer chains with strong covalent bonds.9 Experimental
and theoretical works have already demonstrated that the
increase in the cross-link leads to the higher thermal
conductivity of the polymer,10−16 although the opposite results
have also been reported.17,18 Therefore, proper modulation of
the cross-links, without doubt, could be an effective filler-free
approach to tailor the thermal conductivity of the polymer.
Here, we demonstrate that various transition metals could be

infiltrated into the diverse polymers by the vapor-phase

infiltration (VPI) phenomenon commonly occurred during
the atomic layer deposition (ALD).19,20 For a proof of concept,
we selected the amorphous poly(acrylic acid) (PAA) as a
model polymer because it frequently undergoes notable
conformational changes due to the hydrogen bonds between
carboxylic groups (−COOH).21,22 We applied Al or Zn VPI to
the amorphous PAA using conventional Al2O3 or ZnO ALD
processes. We observed a notable increase in the through-plane
thermal conductivity of PAA after Al or Zn VPI (∼30%
increase). To theoretically speculate the most probable
changes in the molecular structure of PAA by VPI, density
functional theory (DFT) simulation was performed. In
addition, to experimentally detect the specific molecular
structure changes, various spectroscopic measurements were
carefully carried out and a thorough analysis of the collected
data was followed. The obtained results from DFT simulations
and spectroscopy analysis suggested that the infiltrated metals
(Al or Zn) likely form metal-coordinated covalent bonds in the
inter-/intramolecular chain of PAA where originally hydrogen
bonds exist. It is believed that our molecular engineering route
using the VPI phenomenon could be widely used for tuning
the thermal conductivity of the common polymer.
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■ RESULTS AND DISCUSSION
To fabricate thin films for thermal conductivity measurement,
we dissolved PAA in deionized water, and the polymer solution
was then spin-coated on a Si wafer, followed by annealing at 90
°C for 30 min. Then, the prepared PAA samples with a
thickness of ∼500 nm were transferred into the ALD chamber,
where an Al2O3 or ZnO ALD process was carried out (Figure
S1). Analyses using field emission scanning electron micros-
copy (FESEM) and atomic force microscopy (AFM) indicated
that the change in the surface topology of PAA is less
conspicuous before and after Al2O3 deposition (Figure 1A,B).

To investigate the thermal properties of neat PAA and PAA/
Al2O3/# (# denotes the number of ALD cycles), we performed
thermal conductivity measurement using time domain
thermoreflectance (TDTR) (Figure S2).23,24 A pump laser
beam first heats the Au thin film (∼240 nm) on the sample,
which was prepared before the TDTR because of its large
thermoreflectance coefficient. As the heat propagates into the
sample, the surface temperature decreases. A delayed probe
laser beam is then reflected from the sample into the detector.
The reflectance of the probe beam changes with the surface
temperature (governed by the thermoreflectance coefficient),
which is recorded with time. As compared to the neat PAA film
(k⊥,PAA ≈ 0.32 W/mK),25 the Al2O3-deposited PAA (PAA/
Al2O3/#) showed a gradual increase by a maximum of ∼30%
in the through-plane thermal conductivity (k⊥) with ALD
cycles (Figure 2). The ZnO-deposited PAA exhibited a similar
level of increase in thermal conductivity (Figure S3). For
reference, Al2O3 and ZnO with a thickness of ∼500 nm were
deposited on the Si wafer by ALD, and the through-plane
thermal conductivity was measured. The measured values for
the pure Al2O3 and ZnO layers were k⊥,Al2O3

≈ 1.69 and k⊥,ZnO
≈ 2.39 W/mK, respectively, which were much higher than that
of the neat PAA. Therefore, the increase in the thermal
conductivity of PAA was thought to be likely caused by the
molecular structure change after ALD rather than the coating
effect of ALD.
To validate the presumable molecular structure change of

PAA after Al2O3 ALD, first X-ray photoelectron spectroscopy
(XPS) analysis was performed. The XPS intensity is dependent
mostly on surface concentrations rather than surface chemistry.

Thus, XPS is known to provide good quantitative composition
measurements. For this reason, XPS depth profiling has been
performed by alternating sputter etching of the representative
PAA/Al2O3/50 sample for quantitative analysis. Notable Al
signals were detected on the surface as well as in the interior of
PAA/Al2O3/50 (Figure 3A). The Al infiltration depth was
found to be over 300 nm. These results presented clear
evidence that Al2O3 ALD leads to Al2O3 coating on the surface
of PAA as well as Al infiltration into PAA by VPI. The
infiltrated Al appeared to mostly interact with oxygen, as can
be recognized from the pronounced changes in the O 1s core
scan spectra (Figure 3B). Three peaks centered at ∼529.7 eV
(CO), ∼531.2 eV (C−O), and ∼532.4 eV (C−OH) were
identified in the O 1s signal of PAA/Al2O3/50.

26 These peaks
displayed pronounced peak shifts, which indicated that serious
changes in the molecular structure of PAA occur by Al VPI.
The O 1s spectrum of the Al2O3/Si surface was deconvoluted
into two components consisting of the O−Al−O peak (red
spectrum) centering at 530.8 eV and −OH/AlOOH peak
(green spectrum) centering at about 531.6 eV (Figure 3C).27

As compared to the O 1s core scan spectrum of the neat PAA
(PAA/Si) and Al2O3 (Al2O3/Si) surface, the spectrum of the
PAA/Al2O3/50 surface also exhibited significant differences.
The O−Al−O peak showed a larger shift in comparison with
the OH/AlOOH peak. It implied that new bonds in the form
of X−Al−Y likely are created in PAA after Al VPI. Considering
that PAA has a carboxyl group (−C(O)OH, usually written
as −COOH or CO2H) consisting of a carbonyl group (CO)
with a hydroxyl group (O−H) attached to the same carbon
atom, the observed change in the XPS O 1s spectra suggested
that the infiltrated Al creates new bonds likely in the region of
the carboxyl groups in PAA. Indeed, the FTIR (Fourier
transform infrared spectroscopy) spectra of the carbonyl group
(CO) of PAA before and after Al VPI suggested that our
supposition is highly feasible (Figure 3D). The FTIR spectra of
carbonyl functional groups were deconvoluted into two
components: hydrogen-bonded carbonyl groups (νH−CO =
∼1712 cm−1) and free (νF−CO = ∼1742 cm−1) carbonyl
groups.28−30 The relative intensity of those two peaks (i.e., Γ =
IH−CO/IF−CO) gradually decreased, indicating that the
concentration of the hydrogen-bonded carbonyl groups
reduces presumably due to the Al-mediated new bonds.
Besides, the peak of the hydrogen-bonded carbonyl groups
red-shifted as the number of Al2O3 ALD cycles increases. This

Figure 1. Change in the surface morphology of PAA before and after
Al2O3 ALD. (A,B) SEM and AFM images of PAA and PAA/Al2O3/
50, respectively. PAA/Al2O3/50 indicates PAA with Al2O3 deposited
by 50 Al2O3 ALD cycles (i.e., sample denotation: PAA/Al2O3/#,
where # is the number of Al2O3 ALD cycles).

Figure 2. Change in the thermal conductivity of PAA before and after
Al2O3 ALD. The increase in the through-plane thermal conductivity
(k⊥) of the PAA/Al2O3 films with different Al2O3 ALD cycles. As
compared to the neat PAA film, the k⊥ of PAA/Al2O3 was measured
to gradually increase by a maximum of ∼30% with the ALD cycle.
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implied that the molecular structure change in PAA is
proportional to the applied number of ALD cycles.
To further clarify the molecular structure change in PAA,

DFT calculations were carried out. Based on a previous
theoretical study,31 we selected the COOH group in PAA as
the reaction center. The OH site in COOH is known to act as
a hydrogen donor to trigger the ligand-exchange reaction with
trimethylaluminum. The trimethylaluminum [Al(CH3)3]
(TMA) precursor was predicted to physically adsorb on PAA
with an energy barrier of −0.352 eV, resulting in a Lewis acid−
Lewis base complex (Figure S4). It was found that in the
transition state, a four-centered Al−O−H−C configuration is
temporarily created and followed by relocating the hydrogen
atom of the −OH group to the −CH3 group of TMA, thereby
forming the Al−O−C bond and gas-phase byproduct CH4.
The energy barrier for this ligand-exchange process to reach
the final state was calculated to be only 0.043 eV (Figure 4A).
It is believed that oxygen atoms could replace two remaining
CH3 ligands in the Al atom because the PAA chains have
plenty of COOH groups.

Experimentally, the XPS and FTIR analyses of PAA proved
that Al2O3 ALD on PAA induces Al infiltration by the VPI
phenomenon, and the infiltrated Al likely forms new bonds in
the hydrogen-bonded carbonyl groups. Theoretically, the DFT
calculation supported that our assumption is thermodynami-
cally as well as kinetically well within the bounds of possibility.
Although the exact conformational change in the molecular
structure of PAA after Al VPI remains to be further validated,
XPS, FTIR, and DFT simulation results indicated that
presumably the hydrogen bonds in the carbonyl groups are
broken and transformed into new Al-mediated bonds (C−O−
Al···OC) after Al VPI, as depicted in Figure 4B. Recent
studies demonstrated that the engineering of the interchain
bonds21 or the inter-/intramolecular structure at the molecular
level32,33 could appreciably increase the thermal conductivity
of the polymer. In our case, the Al-mediated bonds are
believed to prepare a continuous path for the phonon to
propagate linearly, thereby notably increasing the overall
thermal conductivity of PAA. A filler-based method has been
still regarded as an effective approach to design a polymer with

Figure 3. XPS and FTIR analyses of neat PAA and the Al2O3-deposited PAA. (A) XPS depth profile and (B) XPS O 1s spectra of the PAA/Al2O3/
50 sample with depth. (C) Comparative XPS O 1s spectra of Al2O3/Si, PAA/Si, and PAA/Al2O3/50. (D) FTIR spectra of the PAA/Al2O3/#
sample with the number of ALD cycles. The peak was fitted by considering the following contributions: hydrogen-bonded CO and free CO.
See the text for a detailed discussion.
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high thermal conductivity. However, the challenge is that a
large number of fillers introduced for enhancing thermal
conductivity usually tend to lead to unwanted changes in
important characteristics such as optical, electrical, and
mechanical properties. What is worse, the fillers cause an
increase in cost as well as weight and a loss of easy
processability.34,35 As opposed to the filler-based method,
our VPI is a simple post-processing method to raise the
thermal conductivity of the pure polymer to a higher level. It is
strongly believed that our VPI-based method could be applied,
regardless of the sort of the polymer. Of course, the resulting
properties would be dependent on the microstructure and
crystallinity of the employed polymers and could not be
necessarily altered positively. Nevertheless, the VPI approach is
thought to be well worth trying for tuning the various physical
properties of the polymers including thermal properties.

■ CONCLUDING REMARKS
We demonstrated that the metal oxide ALD on the PAA
polymer leads to the VPI phenomenon, and the resulting
metal-infiltrated PAA shows a sharp improvement in the
thermal property. The through-plane thermal conductivity of
the Al- or Zn-infiltrated PAA was found to increase around
30% as compared to the neat PAA. From experimental
spectroscopy analysis and theoretical DFT calculations, we
found that the infiltrated Al atoms form new bonds likely in the
hydrogen bonding region between carbonyl groups in the PAA
chains, which build a continuous path for the phonon to travel
freely. We strongly believe that the thermal conductivity can be
further markedly increased by proper selection of the metals
and rigorous optimization processes. Because the VPI is a
common phenomenon easily occurring in various organic

materials and the current ALD tool offers a broad selection of
metal precursors, our method is thought to be widely
applicable in the field of polymer-based thermal management
materials.

■ EXPERIMENTAL SECTION
Sample Preparation. The powders of PAA (Sigma-

Aldrich) were first poured into DI water and then stirred at
60 °C to form the PAA solution such that the concentration is
around 5 wt %. Then, the transparent PAA solution was spin-
coated on the silicon substrate (3000 rpm for 300 s). Before
that, the silicon wafer was cleaned by sonication with IPA,
acetone, and water, followed by the oxygen plasma treatment
for 3 min for each. The PAA-coated silicon substrate was
annealed at 90 °C for about 30 min before Al2O3 and ZnO
ALD. The thickness of the spin-coated PAA was multiply
measured by spectroscopic ellipsometry (M-2000, J.A.
Woollam).

VPI Using ALD. The samples were processed with Al2O3
and ZnO ALD (Cambridge NanoTech, Savannah 100) with a
N2 flow of 20 sccm. The Al2O3 and ZnO ALD (70 °C and
∼0.1 torr) was performed using two precursors of TMA
(Sigma-Aldrich)/water and diethylzinc (DEZ, Sigma-Aldrich)/
water, respectively, for a various number of cycles from 5 to 50.
The Al2O3 ALD condition was set in the exposure mode with
0.015 s pulse/40 s exposure/60 s purge of TMA and 0.1 s
pulse/40 s exposure/60 s purge of H2O in each ALD cycle. In
the case of ZnO ALD, the condition was set with 0.02 s pulse/
40 s exposure/60 s purge of DEZ and 0.1 s pulse/40 s
exposure/60 s purge of H2O in each ALD cycle. Si substrates
were also loaded into the ALD chamber for reference. The
thicknesses of the deposited Al2O3 and ZnO films were
measured by ellipsometry (M-2000, J.A. Woollam). The
growth rate of Al2O3 and ZnO on Si substrates was ∼1.0
and ∼1.5 Å/cycle, respectively.

Characterization. AFM (AFM JPK NanoWizard II) and
FESEM (JSM-700F, JEOL) were used to analyze the surface
morphology of the samples and measure the thickness of the
PAA layer. XPS study was performed using an Al Kα X-ray
source (MultiLab 2000, Thermo) with a spot size of 0.5 μm2.
FTIR spectra were obtained using a Thermo Scientific Nicolet
6700 spectrometer.

Thermal Conductivity Measurement. After finishing
metal infiltration by ALD processes, Au (240 nm in thickness)
as a metal transducer layer was deposited on the raw PAA and
the metal-infiltrated PAA polymer films by magnetron
sputtering equipment. To measure the thermal conductivity
of the samples, we used a TDTR measurement setup
(Transometer thermoreflectance metrology system, TMX
Scientific) at a magnification of 20 times (objective lens)
and a laser energy of 2.7 μJ with a probe power of 5.5 mW. A
pump laser beam first heats the sample surface. As the heat
propagates into the material, the surface temperature
decreases. A delayed probe laser beam is then reflected from
the sample into the detector. The reflectance of the probe
beam changes with the surface temperature (governed by the
thermoreflectance coefficient) and thus records the surface
temperature decay as time. The data was collected after
recording for 10,000 s. The measured thermoreflectance
signals are then fitted to a standard heat conduction model
considering the Au transducer, the polymer film, and the
interface in-between. For a single through-plane conductivity
value, at least five identical samples were prepared and more

Figure 4. (A) Reaction path and predicted energetics for reactions of
TMA and PAA on −OH site. (B) Tentative model to describe a
change in the molecular structure of PAA before and after Al VPI.
Based on the XPS and FTIR analysis results, we assumed that the
hydrogen bonds in the carbonyl groups are transformed into Al-
mediated bonds (C−O−Al···OC) after Al VPI. See the text for
detail.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.1c04233
ACS Omega 2021, 6, 29054−29059

29057

https://pubs.acs.org/doi/10.1021/acsomega.1c04233?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04233?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04233?fig=fig4&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.1c04233?fig=fig4&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.1c04233?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


than 10 measurements were carefully conducted before the
calculation of average and standard deviation.
Theoretical Calculation. DFT calculations of reaction

energies were carried out using the ORCA v4.2.1 package.36 A
def2-SVP basis set was used for all atoms.37 The B3LYP38

hybrid functional with the D339,40 dispersion correction was
employed for geometry optimization. All atoms were allowed
to relax during optimization. The RIJCOSX approximation41

was applied to speed up the self-consistent field step of all
calculations. Visualization of atoms and bonds was done using
Avogadro software.
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