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A B S T R A C T

In this study, polyethylene terephthalate (PET) substrate was successfully coated Al2O3 and TiO2 films by atomic
layer deposition (ALD). The experiment results demonstrate that the Al2O3 can be deposited more efficiently
than TiO2 on PET substrates. Further characterization on the coated substrates reveals that the density of hy-
droxyl eOH groups play a significant role on the growth of the oxides ALD film. Chemical composition of the
coated substrates is characterized by X-ray photoelectron spectroscopy, which shows that the C]O elements are
replaced by the Al - related elements in the Al2O3 - coated PET and the Ti - related elements in the TiO2 - coated
PET. The results demonstrate that the C]O has a strongly contribution to facilitate the initial ALD growth of the
oxides thin films.

1. Introduction

Atomic layer deposition (ALD) is an interesting technique for pro-
ducing conformal inorganic thin films at relatively low temperatures
[1,2]. Oxides thin films such as titanium oxide (TiO2) attracts in-
creasing interests due to its advantageous properties such as photo-
catalytic activity, photo-induced hydrophilicity, electron transport
properties in solar cell applications, gas sensing, biocompatibility and
optical properties [2–6]. ALD on polymers with lack of hydroxyl eOH
groups is considered to be complicated in order to produce uniform
layer and conformal film coverage without substantial subsurface
growth [7,8]. For nucleation, the substrate must have reactive surface
groups with which the precursor molecules can react to initiate ALD
growth [9–11]. Hydroxyl groups on oxide surfaces are typical examples
of such reactive groups [9,12,13]. In that case, the deposited thin film is
chemically bonded to the substrate, and will therefore usually have a
good adhesion [9]. In addition, the aluminum oxide (Al2O3) growth on
the molecular porous polymeric substrates with lack of reactive groups
was demonstrated to occur through the adsorption of the trimethyla-
luminum (TMA) precursor as initial nucleation period of 10–20 ALD
cycles onto the surface or into the porous material leading to the for-
mation of Al2O3 clusters [9,14,15]. In our previous study, it has shown
that the deposited Al2O3 was amorphous with numerous reactive

hydroxyl eOH groups [16]. The remarkable properties of Al2O3 that it
was able to be deposited on a variety substrate at low temperature may
have great potential applications [7,17,18]. In this study, it was shown
that the reactive surface groups like hydroxyl eOH groups and e(C]O)
eOe groups are necessary for ALD. Furthermore, it obviously indicates
that Al2O3 ALD layer can be used as pre-treatment-like on polyethylene
terephthalate (PET) surfaces to generate reactive surface hydroxyl eOH
groups which can be used as the initial nucleation growth for the
subsequent ALD.

2. Experimental details

In this study, polyethylene terephthalate (PET) and silicon were
used as the substrates. The substrates were cleaned by an ultrasonic
cleaner machine for 20 min with ultrasonic power and temperature of
80 W and 30 °C, respectively, which then were dried in the vacuum
oven for 1 h at 50 °C. After that, Al2O3 and TiO2 were deposited on the
substrates by ALD with 100 cycles. For comparison, it was also prepared
Al2O3/TiO2 bilayer structure on the substrate with both materials of
100 ALD cycles. In ALD of TiO2, Tetrakis (dimethylamido) titanium
(TDMAT) and water vapor (H2O) were sequentially exposed for 20 and
30 ms with purge times of 15 and 18 s, respectively. For ALD of Al2O3,
TMA and H2O were sequentially exposed with the same pulse and purge
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times as used in the case of TiO2. The deposition temperatures of Al2O3

and TiO2 were 90 and 120 °C, respectively.
Cross section of the coated silicon and the surface view of the coated

PET were imaged by a high resolution scanning electron microscopy
(Magellan 400, FEI Company, USA). Atomic force microscopy (AFM;
Nanoscope IV SPM, Model 920-006-101, Veeco Metrology, Santa
Barbara, USA) was used to examine the surface morphology by using
tapping mode. Wetting property of the surface was measured by a static
contact angle analysis system (JC2000A, Powereach, Shanghai, China)
and 0.4-μL droplet was used on each test. Chemical composition of the
uncoated PET and the PET coated TiO2 and Al2O3 films were evaluated
by X-ray photoelectron spectroscopy (XPS).

3. Results & discussion

Fig. 1 show cross-sectional images of silicon substrates coated Al2O3

and TiO2 films by ALD with 100 cycles (Fig. 1(a)–(b)). The SEM images
demonstrate smooth surfaces with thicknesses of approximately 26.43
and 34.36 nm for Al2O3 and TiO2, respectively. It implies that the
parameters used in the ALD process are able to deposit the oxides thin
films onto both silicon and PET, as the substrates are deposited in the
same ALD reactor.

Fig. 2 show the SEM images of uncoated PET (Fig. 2(a)) and PET
surface coated TiO2, Al2O3, and Al2O3/TiO2 bilayer films by ALD
(Fig. 2(b)–(d)). The surface of PET without ALD film shows particle-like

with wavy feature morphologies (Fig. 2(a)). The surface roughness re-
duces by presence the ALD film and it decreases significantly on the PET
surface deposited by ALD with better film coverage (Fig. 2(c)–(d)). It
was shown that PET surface coated Al2O3 film is smoother than that of
TiO2 film, which clearly indicates that the surface with Al2O3 has better
film coverage than that of TiO2 ALD. The smoothness of the PET surface
can further increase by presence of Al2O3/TiO2 bilayer film as shown in
Fig. 2(d), which shows that the TiO2 can be well grown onto the Al2O3

film acted as a buffer layer and the perfect coverage with regular ALD
growth has been obtained as indicated by disappearing the wavy sur-
face morphology.

Structurally, PET is a semi-crystalline polymer at room temperature
which has functional groups of C]O as carbonyl site [16,19]. The
presence of functional groups with Lewis base characteristics in
polymer backbone makes the polymer reactive during exposure of
precursor which is a strong Lewis acid [20,21]. Upon exposure of
precursor, carbonyl site of the PET polymer coordinates with precursor
(i.e. TMA, Lewis acid to form an aluminum‑oxygen-alkyl unit) [21]. In
Al2O3 ALD onto the PET substrate, a reaction forming a covalent alu-
minum‑oxygen bond can proceed via methyl migration from TMA to
the electrophilic carbon site of PET [19]. The possible reaction me-
chanism for TMA and H2O reaction that the carbonyl stretch of C]O is
eliminated by the TMA reaction with the carbonyl forming acetal group
and a methyl transferred to the carbon of polymer backbone [19]. The
subsequent water dose is likely to react with methyl in the acetal unit

Fig. 1. Cross-sectional SEM images of silicon
coated (a) Al2O3 and (b) TiO2 films by ALD with
100 cycles.

Fig. 2. SEM images of (a) uncoated PET and the PET
surface coated (b) TiO2, (c) Al2O3 by ALD with
100 cycles., (d) Al2O3/TiO2 bilayer with both mate-
rials of 100 ALD cycles.
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forming eOH and releasing CH4 as a product. The formed eOH groups
can then be used to react with the subsequent precursor exposure. This
growth mechanism lets the C]O to be replaced by the related elements
of the ALD - grown oxide materials. The location of these carbonyl
groups is expected mainly exist in the polymer subsurface. On the other
hand, the coupling between precursor and carbonyl site can disrupt
hydrogen bonding, resulting in the opening of the polymer chain fra-
mework, and this phenomenon able to further promotes the diffusion of
precursor molecule into the subsurface region [21,22], which affects on
the surface roughness. These typical ALD growth mechanisms can be
indicated by surface morphologies evaluation before and after ALD
coating.

Surface morphologies of the oxides deposited on PET were shown in
Fig. 3. It reveals that the PET surfaces coated by ALD are smoother with
more uniform morphologies than bald PET. The root mean square
(RMS) surface roughness are evaluated to be 5.35 nm for bald PET
surface which reduces to 5.05 and 3.75 nm for TiO2 and Al2O3 films
deposited on PET, respectively. It is an evidence suggesting normal
growth of ALD has been achieved onto the surfaces of PET [16]. Since
the ALD growth on polymers is strongly dependent on the nature of

polymer and on the ALD precursors [19,23], the current results indicate
that the Al2O3 deposition used TMA precursor can be more efficient
with better film coverage onto the PET surface. This phenomenon has
an agreement to the SEM images evaluation which shows that the PET
coated Al2O3 film by ALD is smoother than that of TiO2 film as shown in
Fig. 2(b) and (c).

Fig. 4 shows water contact angles of the uncoated and coated PET as
a representation of surface wettability. The presence of hydrophilic
oxygen-related functional groups, which act as primary to adsorp water
molecules, increase wetting property of the surface and the water
contact angle decreases correspondingly. The measurement demon-
strates that the average water contact angle of the uncoated PET is
81.28° and reduces to 79.21, 76.78, and 74.79° for PET coated TiO2,
Al2O3, and Al2O3/TiO2 bilayer films, respectively. It is worth noting
that the water contact angle of PET coated Al2O3/TiO2 bilayer film is
lower than that of TiO2 film. It indicates that the presence of reactive
hydroxyl eOH groups with higher density on the Al2O3/TiO2 bilayer
surface can be the main reason for the hydrophilic improvement
[24–26]. It can be explained that the initial functional hydroxyl eOH
groups are provided on the surface for the next precursor exposure with
the H2O exposure on the Al2O3 surface [27,28]. The provided surface
eOH groups on the Al2O3 layer can react with TDMAT molecules as
initial growth and leading to the TiO2 normal growth. The type of TiO2

ALD growth onto Al2O3 is likely a substrate-inhibited ALD growth, the
growth per cycle additionally goes through a maximum before settling
to the constant value, which is caused by a lower number of reactive
sites on the Al2O3 substrate than on the TiO2 ALD-grown material
[28–30]. These number are consistent with the fact that steric hin-
drance causes the amount of adsorbed ligands to be about constant and
the required OH groups to release the ligands in the Al2O3 ALD reaction
is lower than the TiO2: three OH groups are needed to release the three
methyl groups of one TMA molecule as CH4, which attach one addi-
tional aluminum atom to the surface, and four OH groups are required
to release the four N(CH3)2 groups of one TDMAT molecule as NH
(CH3)2, which attach one titanium atom to the surface [28,29,31].
Those ligand exchange reactions are potentially able to gain the water
compatible functional eOH groups with larger concentration on the
Al2O3/TiO2 bilayer surface. On the other hand, it is consistently shown
that the water contact angle of sample coated with TiO2 is higher than
that with Al2O3, indicating that the TiO2 is more difficult to be de-
posited than Al2O3. Furthermore, it implies that the Al2O3 film can be as
buffer layer or pre-treatment-like by producing reactive hydroxyl eOH
groups on surface to facilitate the subsequent ALD growth of materials
which are challenging to be deposited.

Surface wettability is dependent on the chemical composition of the
deposited oxides films, which is further probed by XPS spectra, and the
results are shown in Fig. 5. Fig. 5(a) reveals the XPS spectra of C 1s of

Fig. 3. Surface morphologies of (a) uncoated PET and the PET surface coated (b) TiO2,
and (c) Al2O3 films by ALD with 100 cycles.

Fig. 4. Contact angles of uncoated PET and the oxides - coated PET.
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Fig. 5. XPS spectra of C 1s peaks of (a) uncoated PET, (b) the Al2O3-coated PET, and (c) the TiO2-coated PET. (d) Relative elemental contents.

Fig. 6. XPS spectra of O 1s peaks of (a) uncoated PET, (b) the Al2O3-coated PET, and (c) the TiO2-coated PET. (d) Relative elemental contents.
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the uncoated PET. Two sub-peaks of C1 and C2 at 287.65 eV and
~289.96 eV, correspond to the eCeO, eCeCe, (and/or eCeR) and
the eC]O, COOH, (and/or COOR), respectively [16,32]. In Fig. 5(b),
the XPS spectra of Al2O3 - coated PET exhibits new peaks of C3, C4, and
C5 at ~292.65 eV, 281.62 eV and 294.28 eV which correspond to the
anhydride groups O]CeOeC]O, the CeOeAl, (and/or eHeCeAl)
and the O]CeO, respectively [16,33,34]. The emergence of sub-peaks
C3, C4, and C5 indicate new chemical states are formed in the Al2O3 -
coated PET. On the other hand, a new sub-peak (C3) at 292.30 eV ap-
pears in the TiO2 - coated PET, as shown in Fig. 5(c). Fig. 5(d) shows the
elemental contents illustrated in Fig. 5(a)–(c). In addition, the con-
centration of the polar group in Al2O3-coated sample is even higher
than that of the TiO2-coated sample. The formation of polar groups
including the hydroxyl groups in the oxides - coated PET is consistent
with the wettability results shown in Fig. 4, in which the contact angles
are reduced with oxide - coated PET.

Fig. 6(a)–(c) show the XPS spectra of O 1s peak of uncoated PET,
Al2O3 - coated PET, and TiO2 - coated PET samples, respectively. It
shows that the spectrum of uncoated PET consists of O1 and O2 at the
binding energies of 533.82 eV and ~537.10 eV, corresponding to C]O
and CeOe, respectively [16,32,33]. In Fig. 6(b), the new peaks of O3
and O4 at 528.75 and 537.89 eV correspond to the Al2O3 (and O on AlO
of AlOOH) and the Al2O3 (and AleOeC), respectively [32,33]. While
Fig. 6(c) shows the new peak of O5 and O6 at the binding energies of
528.31 eV and 536.13 eV, corresponding with the TieO bond (and/or
eOH) in TiO2 and the oxygen species of TieOeC, respectively [34,35].
The detailed relative O contents of the uncoated and the oxides - coated
PET samples are shown in Fig. 6(d). It shows that the Al2O3 - coated
PET sample consist of O2, O3, and O4, which suggests that the element
of C]O is replaced by the Al - related elements like Al2O3, AleOeC,
and AlOOH. The TiO2 - coated PET sample, on the other hand, consists
of O2, O5, and O6, which suggests that the element of C]O is replaced
by TiO2, eOH in TiO2, and the oxygen species of TieOeC. It obviously
indicates that the polar groups of C]O can be contributed to facilitate
the ALD initial growth of the oxides thin films to achieve a normal ALD
growth, for both Al2O3 and TiO2 deposition processes.

4. Conclusion

The successful deposition of Al2O3 and TiO2 films onto the PET
substrates were achieved by ALD which is demonstrated by alteration of
the wettability property and chemical composition. Both the deposited
Al2O3 and TiO2 raise the wetting property of the surfaces. It was shown
the feasibility of Al2O3 on the substrate lack of reactive hydroxyl eOH
groups at low ALD temperature. It is also important to be noted that
Al2O3 can be used as buffer layer for the deposition of TiO2 film. This
layer can act as a pre-treatment to obtain reactive eOH groups to fa-
cilitate the initial ALD growth for the subsequent material which is
more difficult to be deposited. The characterization of chemical com-
position shows the formation of new elements of Al2O3, O in AlO of
AlOOH, and AleOeC in the Al2O3 - coated PET as well as the elements
of the oxygen species of TieOeC, the TieO bond and eOH in TiO2 in
the TiO2 - coated PET.
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