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A B S T R A C T   

The deposition of crystalline TiO2 on polymers can boost its use in a large plethora of applications. In this work, 
we deposited, through the low-temperature atomic layer deposition (LT-ALD) technique, a thin layer of amor
phous TiO2 on polymethyl-methacrylate (PMMA), and afterwards, we induced a phase transition from amor
phous to crystalline anatase by pulsed UV-laser irradiation. A pulsed UV laser with a low penetration length was 
used to avoid the heating and damaging of the polymeric substrate. The diffusion of the heat and the temperature 
behaviour were simulated and discussed. We studied experimentally the effect of the laser fluence and pulse 
number on the amorphous-crystal transition. We observed the presence of two thresholds for the formation of the 
crystalline phase: on the fluence and the number of laser shots. Moreover, widening of pre-existing cracks is 
observed, as soon as fluence and the number of pulses increase. To improve further the quality of the deposited 
layer, we introduced a ZnO interlayer between TiO2 and the PMMA substrate. The effect of this interlayer was 
also discussed. Lastly, wettability, as a measure of the overall quality of the layer, was measured and interpreted 
by using the Cassie model.   

1. Introduction 

TiO2 is one of the most studied oxides since the work of Fujishima, in 
late ’70, an enormous quantity of studies has been performed on the 
photocatalytic properties of this material. It is potentially able to reduce 
the problem of environmental pollution in water and in air which is 
considered one of the major humanity issues by several governative and 
non-governative institutions. This material is photo-active in the 
oxidation of contaminants, it is also stable, cheap, non-toxic, and 
biocompatible [1–4]. As it is well known, irradiated TiO2 with UV light 
(larger than 3 eV) can induce the generation of hole with a high 
oxidation power [1]. These holes, reaching the liquid-solid interface, 
can oxidize the organic compounds present in water, up to their com
plete mineralization [3]. This fact paves the way for the realization of 
innovative devices for wastewater purification or self-cleaning, self-
sterilizing surface applications [5–7]. 

The methodology of water treatment by using TiO2 is however hin
dered by some important factors: the most important one is the low 

efficiency; this aspect could be overcome by reducing the size of TiO2 
materials to nanometer scale to have a high surface/volume ratio. On 
the other side, nanomaterials dispersed in water must be recollected at 
the end of the purification process, introducing a further treatment step. 
A method to overcome this limitation consists of the deposition of TiO2 
on low-cost substrates such as polymeric materials. In such a way, the 
inorganic material is firmly anchored to the substrate and the further re- 
collection step is unnecessary [8–15]. 

In the literature, TiO2 is deposited by using several methodologies 
Noh et al. used a sol-gel synthesis followed by a spin-coating process at 
130 ◦C [16]. TiO2 is deposited at room temperature without any further 
thermal treatment by Wu et al. [17]. An inductively coupled 
plasma-enhanced CVD or sputter methodology allows to deposit Anatase 
films at temperature from 150 ◦C down to 75 ◦C [18,19]. Further, 
Nb-doped Anatase TiO2 films, grown by radio-frequency magnetron 
sputtering and thus irradiated by a KrF excimer laser (0.25 J/cm2), is 
used as transparent electrodes in flexible organic solar cells [20]. 

In the present paper, we investigate the potentiality of the low- 
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temperature atomic layer deposition technique for the realization of 
TiO2 – based hybrid photocatalysts. The atomic layer deposition (ALD) 
allows depositing a very thin layer of TiO2, with high precision and 
quality, also on nanostructured surfaces [21–24]. However, to have 
good quality anatase TiO2, we need to deposit at a temperature such 
high as 300 ◦C [25,26]. At this temperature, most of the polymers are 
not stable and undergo melting, degradation, or decomposition. So, only 
a deposition temperature lower than the glass transition temperature 
can be used. The polymer of our choice was polymethyl methacrylate 
(PMMA), for its resistance to UV light, visible transparency, mechanical 
properties, stability, and low cost. For PMMA, the glass transition tem
perature is around 100 ◦C. Unfortunately, at this temperature, the 
deposition of amorphous inactive TiO2 was usually observed [27]. A 
way to overcome the problem could be a further step of crystallization 
induced by pulsed laser treatment. Indeed, laser pulses can induce a 
local increase of the temperature surface, leaving the underlying sub
strate cold, avoiding in this way the melting/decomposition of the 
polymer. For all these reasons, we investigated the possibility of a 
laser-induced phase transition from amorphous to crystalline TiO2 
without the degradation of the polymer. The right choice of the laser 
parameters is very important; indeed, by selecting the appropriate 
wavelength and temporal pulse length, we can control both the pene
tration length and the heat diffusion length. Moreover, by selecting the 
appropriate fluence, we can control the maximum temperature reached 
on the TiO2 surface and the TiO2/PMMA interface avoiding any degra
dation of the polymer. For these reasons, we chose a UV pulsed KrF 
excimer laser working in the nanosecond range length. We, thus, 
investigated the effect of the laser fluence and the number of laser pulses 
on the morphology, crystallinity, and overall quality of the film. We paid 
also particular attention to the stability of the crystalline layer on the 
polymeric substrate. 

Lastly, we used two standard methodologies (ALD deposition and 
laser annealing) to realise an innovative combined methodology able to 
obtain high-quality photoactive anatase on polymeric substrate. This 
methodology is industrially scalable and can also produce photo- 
induced wettability changing layer with high-quality on polymer. This 
can pave the way for a widening of the use of plastic substrates and also 
for the use of TiO2. 

2. Materials and methods 

2.1. ALD deposition 

Before the experiment, the PMMA substrates, used in this work and 
with a thickness of 4 mm, were washed with de-ionized water and iso
propanol and then dried under nitrogen flux. Czochralski (100)-oriented 
silicon was also employed as a reference substrate for the ALD process. 

TiO2 films were deposited by an Atomic Layer Deposition reactor at 
90 ◦C. We used the Picosun R-200 Advanced reactor. The employed ALD 
precursors were TiCl4 (purity ≥99.9995%) for Ti and and de-ionized 
pure water for O. Carrier and purge gas was N2 (purity ≥99.999%). 
The pulse and purge time were kept constant at 0.1/3/0.1/5 s for TiCl4/ 
N2/H2O/N2, while different cycles were set from 100 to 6400 so to 
induce different TiO2 layer thicknesses. 

2.2. Laser treatment 

The amorphous TiO2 film deposited by ALD was irradiated at 248 nm 
by a KrF excimer laser (Coherent COMPex 201F). Pulse duration was set 
to 21 ns. Spot was a square of 5 × 5 mm2 in size (2% uniformity, 1% 
reproducibility and 2% accuracy). The experiments were performed at 
10 Hz. The energy densities were varied from 30 to 80 mJ/cm2. The 
pulses were varied from 1 to 200. The energy densities can be controlled 
with 1% accuracy through a motorized attenuator paired with an in-line 
energy meter. The penetration depth of the KrF laser in TiO2 was esti
mated to be ~9 nm (considering the absorption coefficient to be 1.06 ×

106 cm− 1) [28]. 

2.3. Characterizations 

A HR800 integrated system by Horiba Jobin Yvon, is used for 
acquiring Raman spectra. We worked in a back-scattering configuration 
with a coaxial optics (with a dichroic mirror for 325 nm light) and a UV 
grade × 40 objective. A He–Cd laser with a wavelength of 325 nm and 
power in the range between 1 and 10 mW was used. The penetration 
depth of the He–Cd laser in TiO2 was estimated to be ~35 nm (consid
ering an absorption coefficient of TiO2 of 2.9 × 105 cm− 1) [28]. Spectra 
acquired in different points (realizing the map) were summed and a final 
spectrum was obtained. The spatial resolution achievable for maps was 
2 μm. The power density ranges between 0.5 and 5 kW/cm2 was 
reached. The Raman emitted light was dispersed by 1800 grooves/mm 
kinematic grating. To acquired maps the surface of each sample was 
scanned with a step of 10 μm. We acquired a spectrum for each point. 
The area of the map was 100 × 100 μm2. Spectra acquired inside (or 
outside) the laser spots were averaged reducing the errors. A 
laser-irradiated region was individuated and the Raman map was per
formed near the edge of the spot. In this way, we observed in the same 
map both the irradiated region and the as-deposited material. 

Optical microscopies were performed with an Olympus BX40 mi
croscope. The configuration of the bright field was used. 

SEM images were acquired with a Gemini field emission SUPRA 25 
Carl Zeiss microscope. 

The films thickness was evaluated by ellipsometric measurements. 
We used a Woollam M − 2000 instrument. Data were analyzed by 
applying a Cauchy model in the 400–1700 nm range. 

The wettability of the surface was measured by using a DATA
PHYSICS OCA 15 PRO contact angle measurement device. The sample 
surface was irradiated with UV LED light at 360 nm with an irradiance of 
12 mW/cm2 for 1 h. Contact angle (CA) was measured immediately after 
irradiation in order to reduce carbon contamination.” 

3. Results and discussion 

Fig. 1a shows a schematic of the two typologies of the as-prepared 
samples. In the first one, a TiO2 layer of 440 nm was deposited by 
ALD. The deposition temperature was set at 90 ◦C to avoid the degra
dation of the PMMA substrate. A second set of samples comprised the 
same TiO2 layer with an inter-layer of 200 nm of ZnO, deposited be
tween TiO2 and PMMA. In Fig. 1b, as an example, a photo of the laser- 
treated samples is shown. Laser spots of 0.5 × 0.5 cm2 in size are 
apparent as bright squares. Larger squares of 1 × 1cm2 were also real
ized by combining four spots to have samples with larger areas to be 
analyzed. The difference in colours of different spots, from almost 
transparent to white, reflects the different laser irradiation conditions: 
both the number of pulses and fluencies were changed. The scope of the 
factors affecting the visual aspect of the spots could be very complex and 
related to the formation of a crystalline film and to the roughening of the 
surface. The regions between spots was not interested in the laser irra
diation and are used as reference (“as-deposited”). 

Fig. 2 reports the Raman analyses performed on TiO2/PMMA sam
ples. Fig. 2a shows an example of Raman spectra of irradiated and not 
irradiated TiO2 regions. For as-deposited TiO2 a broad unstructured 
peak is observed at about 550 cm− 1, indicating the amorphous structure 
of the as-deposited titania films. While, in the region irradiated at 50 
mJ/cm2 with 10 pulses, the spectrum presents the peculiar features of 
the crystalline TiO2 in the anatase phase. The main peaks are located at 
153, 399, 520, and 637 cm− 1 and they are assigned to Eg, B1g, A1g ed Eg 
peaks of anatase, respectively [29,30]. For all samples displaying crys
talline phase, the line position and linewidth of these peaks remains 
constant (inside the experimental errors) while the intensity of the peaks 
at 399, 520, and 637 cm− 1 (B1g, A1g ed Eg) results proportional to the 
intensity of 153 cm− 1 peak (Eg) that is the most prominent peak. Thus, it 
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is used in the present paper as a signature for the presence of the crys
talline phase. In Fig. 2b is shown this intensity (at 153 cm− 1) as a 
function of laser fluence for different laser pulses on TiO2/PMMA. It is 
apparent that for 1 pulse, the intensity of the peak remains negligible 
indicating that the film is amorphous whatever the fluence (in the 
explored range: 30–80 mJ/cm2). For 10 pulses, and fluence lower than 
40 mJ/cm2 (i.e. 30-40 mJ/cm2), the signal remains negligible; while, 
when the fluence raises at 50 mJ/cm2, we observed an abrupt increase of 
the intensity indicating that the crystallization occurs. At fluences higher 
than 50 mJ/cm2, the peak’s intensity reaches a saturation level. The 
high intensity of the peaks is a clear feature of the crystallization phase 
in the thickness probed by the Raman measurements (i.e., 60 nm). A 
threshold for the TiO2 crystallization between 40 and 50 mJ/cm2 can be 
advised; in particular, fitting with a suitable sigmoid function, it is 
possible to evaluate a threshold of 43 ± 2 mJ/cm2. The same trend and 
the same maximum intensity value are found for the samples irradiated 
with a higher number of pulses (100 and 200 pulses). Moreover, no 
phase transition to TiO2 rutile is observed in the explored range of 

fluence even for the high number of pulses. 
Considering the Raman results, the formation of a crystalline TiO2 

layer on the surface of the sample is expected. We performed ellipso
metric analyses to measure the thickness of the crystallized layers. We 
assume that the sample is constituted by two layers of amorphous and 
crystalline Anatase TiO2 respectively. In Fig. 3, we report the thickness 
of the amorphous and crystallized layer as a function of the fluence for 
different number of pulses. As the fluence increases, the thickness of the 
crystallized layer increases (and the thickness of the amorphous layer 
decreases accordingly). The solid line represents the simulated thick
ness: it will be discussed in the next paragraph. The thickness of the 
crystallized layer after 1 pulse (not shown) is negligible. We want to 
highlight that the thickness of the layer depends on the fluence and has a 
negligible dependence on the number of pulses. Moreover, the sum of 
the thickness of the amorphous and crystallized layer is almost constant 
corroborating the fact that the total film thickness remains almost 
constant. 

In order to understand the process, the evolution of the temperature 

Fig. 1. a) Scheme of the “as deposited” samples in 
cross section before laser irradiation; b) Photo of a 
sample taken as example. Laser spots are apparent 
as bright squared regions of 0.5x0,.5 cm2 (or 1 × 1 
cm2) in size. Different brightness and colours are 
due to different irradiation conditions in particular 
the numbered rectangle represent spots in which 
the same condition are used. Fluence (in mJ/cm2) 
and number of pulses are reported here for each 
highlighted square: 1) 60,200 2) 60,100 3) 60,10 4) 
50,200 5) 50,100 6) 50,10 7) 40,200 8) 40,100 9) 
40,10.   

Fig. 2. a) Example of Raman spectra of “as deposited” and laser irradiated samples. Eg, B1g A1g Eg peaks at 153, 399, 520, 637 cm− 1 respectivelly are shown after 
laser irradiation. Rutile and Anatase peaks are also shown for comparison puroses. b) Intensity of the Eg peak at 153 cm− 1 as a function of laser fluence for different 
laser pulses. Black curve is a guide for the eyes. 
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in the laser-irradiated samples was evaluated by simulation. We solved 
the unidimensional heat diffusion equation: 

ρCp
∂T
∂t

= αI(z, t) + k
∂2T
∂z2 (1)  

I(z,t) = I0(t)(1 − R)e− αz (2)  

where T represents the absolute temperature, ρ is the sample density, Cp 
is the specific heat, k is the thermal conductivity, I0 is the laser intensity 
at the surface, R is the surface reflectivity, α is the optical absorption, z is 
the depth from surface, and I(z,t) is the laser intensity [31]. Simulations 
of the temperature depth profiles as a function of the time during the 
laser processes were performed through numerical solutions of the heat 
equation (LIMP - the Harvard simulation software package) [31], based 
on heat flow calculations calibrated on TiO2, ZnO, and PEN physical and 
optical literature data [32–38]. In Fig. 4, the temperature temporal 
evolution at the surface and at the interface with the polymer for the 
TiO2/PMMA samples is reported. Fluencies ranged from 30 (under the 
crystallization threshold) to 60 mJ/cm2 (above the crystallization 

threshold). The increase of the temperature due to the laser heating is 
apparent, and a peak at 25 ns is observable. At the surface, for 60 
mJ/cm2, the highest estimated temperature is about 800 ◦C. This tem
perature is above the amorphous-anatase temperature (over 400 ◦C) in a 
pure TiO2 under thermal equilibrium [39]. Nevertheless, it is worth 
noting that temperatures higher than 400 ◦C are reached for less than 
100 ns. Moreover, the simulation allows to evaluate the thickness of the 
TiO2 in which the temperature overcome the amorphous-crystal tran
sition temperature. This thickness is reported in Fig. 3 as a dotted line. 
As it is apparent from the figure, the calculated curve is in accordance 
with the thickness of the crystallized layer measured ellipsometricaly. 
This agreement corroborates the use of the simulation results with 
respect to the experimental ones. Another important feature is the 
maximum temperature and the asymptotic temperature (evaluated 2 μs 
after the pulse) at the interface between the titanium dioxide and the 
polymer. Let’s again consider the curve obtained for 60 mJ/cm2, the 
maximum interface temperature was about 200 ◦C after 300 ns and 
decrease to 150 ◦C, after 2 μs. 

3.1. Effect of the interlayer 

The same experimental analyses and simulations, were also per
formed on TiO2/ZnO/PMMA samples. In particular Raman intensity of 
the peak at 153 cm− 1 for the samples with the ZnO interlayer follows the 
same trend and it has the same threshold fluence and saturation value of 
the above-described sample without the interlayer (i.e., TiO2/PMMA). 
The variation in the intensity of the peak at 153 cm− 1 for the TiO2/ZnO/ 
PMMA samples is reported in Fig. 1S.I. Even in this set of samples, at 
least 10 pulses and more than 40 mJ/cm2 in fluence are necessary to 
induce the crystallization of the deposited TiO2 layers. Ellipsometric 
analyses show the same results obtained for the samples without inter
layer. Also the simulations resulted very similar to those obtained for the 
samples without the interlayer. The same trend of TiO2/PMMA samples 
is found for the TiO2/ZnO/PMMA samples. It is reported in Fig. 2 S.I. 
The negligible difference in the temperature behavior at the surface can 
be observed in the first 100 ns indeed in this temporal range, the 
diffusion process is negligibly influenced by the ZnO interlayer. On the 
other side, the temperature at the interface with PMMA is reduced from 
200 ◦C to about 120 ◦C thanks to the ZnO interlayer. 

Although the Raman and ellipsometric measurements did not reveal 
any substantial differences for the two sets of samples (TiO2/PMMA and 
TiO2/ZnO/PMMA), the surface morphology is heavily influenced by the 
laser treatment. Fig. 5 shows the optical microscopies of the samples 
irradiated at 60 mJ/cm2 with different pulses (1, 10, or 100 pulses). The 
TiO2/PMMA sample irradiated with 1 pulse has a surface similar to the 
as-deposited film. The cracks widen with the number and fluence of the 
pulses. At 10 pulses large clod of about a hundred microns in size are 
apparent. The separation between clods is larger than that found in the 
“1 pulse” sample. For 100 pulses, the dimension of the cracks increases 
further leading to isolated small clods. The quality of the layer improves 
after the introduction of the ZnO interlayer (TiO2/ZnO/PMMA). The as- 
deposited and 1 pulse irradiated samples present a smooth surface with 
no cracks. Sample irradiated with 10 pulses shows very large smooth 
zones (in the mm scale length) due to the very limited presence of 
cracks. This is in contrast with the TiO2/PMMA sample where the sur
face is more fractured. The TiO2/ZnO/PMMA sample irradiated with 
100 pulses is poor in quality and is similar to the TiO2/PMMA sample 
irradiated with 100 pulses. The laser fluence had a large impact on the 
structure of the films; in Fig. 2 S.I. and 3 S.I. we reported the optical 
microscopies of the irradiated samples for different fluencies (50, 60, 70, 
or 80 mJ/cm2) and pulses number (1, 10, or 100 pulses). In particular, 
Fig. 2 S.I. reports the microscopies of the TiO2/PMMA samples, while 
Fig. 3 S.I. reports the microscopies of TiO2/ZnO/PMMA samples. For 1 
and 100 (or more) pulses only a slight dependence of the laser fluence 
can be noted. On the contrary for the 10 pulses (second row of Fig. 2 S.I. 
and 3 S.I.), the samples “with” and “without” the interlayer are very 

Fig. 3. Ellipsometric thickness of the amorphous and crystalline TiO2 layer as a 
function of fluence for different number of pulses. The dotted line represent the 
thickness in which the temperature, in the simulation, is higher than the 
amorphous-crystal transition temperature. 

Fig. 4. Simulation of the temperature as a function of time in two different 
location of the sample: at surface (full line) and interface between TiO2/poly
mer (dotted line). 
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different. Nevertheless, increasing the fluence from 50 to 70 mJ/cm2 the 
size of the cracks increases reducing the size of the clods. This effect is 
apparent in both cases. 

Crystalline TiO2 is well known to transit to the photo-induced hy
drophilic state after UV irradiation. A large number of applications of 
TiO2 depend on this valuable property so it is important to evaluate if 
synthesized samples display wettability change after irradiation. This is 
even more important with the presence of ZnO layer, because due to the 
energy band alignment of ZnO and TiO2, both electrons and holes, 
generated from light excitation, could be transferred from TiO2 to ZnO 
reducing the TiO2 activity. This could reduce or completely cancel the 
photocatalytic activity. The wettability measurements were reported 
only for TiO2/ZnO/PMMA samples because of their smooth starting 
surface (with few cracks). In Fig. 6, the contact angle is reported as a 
function of the fluence for samples irradiated with a different number of 
pulses. For the as-deposited surface (black line in Fig. 6) and laser- 
irradiated with 1 pulse, the contact angle remained almost constant at 
about 80◦ showing low hydrophilicity of the surfaces. For 10 pulses and 
fluence lower than 50 mJ/cm2 (i.e., 30 and 40 mJ/cm2) the contact 
angle remained ~80◦, while at 50 mJ/cm2 we observed an abrupt 
decrease of the contact angle approaching 20◦, indicating good hydro
philicity of the investigated surfaces. This is in agreement with the 
Raman results where the crystallization of the deposited layer appeared 
at ~43 mJ/cm2. Nevertheless, at higher fluences (70 and 80 mJ/cm2), 

the contact angle increases approaching ~ 50◦. For 100 and 200 pulses 
even at 40 mJ/cm2, the contact angle resulted in ~50◦ and it increases 
with the fluence, indicating a deterioration of the film surfaces. 

3.2. Discussion 

Raman and ellipsometric analysis (see Figs. 2 and 3), showed that for 
1 pulse, the intensity of the peak at 153 cm− 1 is negligible irrespective of 
the used laser fluence. This indicates that the single shot irradiation was 
unable to induce a phase transition from amorphous to anatase. On the 
contrary, the simulations showed that the temperature raised to 
approximately 800 ◦C during the laser pulses for 60 mJ/cm2 in fluence. 
This value should be enough to have the transition from amorphous to 
anatase and from anatase to rutile phase. Nevertheless, the temperature 
remained higher than 400 ◦C for a very short period (100 ns). Consid
ering that the process of crystallization from amorphous to anatase has a 
slower kinetic than 100 ns [26] and taking into account the latent heat, 
the crystallization was kinetically hindered for such a fast process such 
as 1 laser pulses. For 10 or more pulses, the behaviour depends on the 
fluence. For fluencies below the threshold of 43 mJ/cm2, the increase of 
the temperature was not sufficient to induce a phase transition: Raman, 
optical microscopy, and contact angle remained the same to the 
as-deposited sample whatever the number of the pulses. On the contrary, 
above the threshold fluence, the temperature higher (than the 
amorphous-crystalline temperature) allows the transition to anatase and 
further the high number of pulses is enough to allows kinetics to evolve. 
Note that for 10 pulses, the total time in which the surface remains at 
temperature above the amorphous/anatase phase transition tempera
ture can be estimated to be of the order of 1 μs. It should be enough to 
kinetically allow the transition. Once the crystalline phase is formed, the 
Raman signal at 153 cm− 1 resulted in a high value (Fig. 2b) and changes 
in surface morphology (Fig. 5) and in contact angle (Fig. 6) occurred. 
Regarding the morphology, we could speculate that cracks enlargement 
is attributed to the induced thermal stress on the edge of TiO2 clods, or to 
an increase of the density of the crystalline layer with respect to the 
amorphous phase that shrinks the crystalline layer (density of amor
phous, and anatase phases are 3.2, and 3.8 g/cm3 respectively) [39]. For 
100 (or more) pulses, the films appeared discontinuous and with very 
low quality (see Figs. 5 and 100 pulses) due to the large size of the cracks 
even at fluence just above the threshold fluence (50 mJ/cm2). 

Let’s now consider the case of the samples with the ZnO interlayer. 
Simulations showed that the temporal evolution of the heat transfer in 
the samples with and without the ZnO interlayer suffers of only small 

Fig. 5. Optical microscopies of laser irradiated TiO2/PMMA (left column) and 
TiO2/ZnO/PMMA (right column) samples irradiated at 60 mJ/cm2. Number of 
pulses are indicated on the left side of the figure. Scale bar is the same for 
all images. 

Fig. 6. Contact angle of laser irradiated TiO2/ZnO/PMMA samples as a func
tion of fluence for different number of pulses. Lines are calculated by Cassie 
model as explained in the text. 
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differences (see Figs. 4 and 2 S.I.). The spatial distribution of the tem
perature after 25 ns, (i.e. at peak of the laser pulse) indicated that only a 
small fraction of the layer (~100 nm), is influenced by the high tem
perature (>500 ◦C). This consideration explains why crystallization 
threshold and heat behaviour are very similar for both samples (with 
and without the interlayer). 

Nevertheless, the morphology of the two kind of films appeared 
different: the samples without the ZnO interlayer (TiO2/PMMA) were 
more cracked if compared to the samples with the interlayer (TiO2/ZnO/ 
PMMA), as shown in Fig. 5. The cracks in the TiO2/PMMA samples were 
present even in the as-deposited samples and their size enlarges with the 
laser irradiation. Cracks in the TiO2/ZnO/PMMA samples were almost 
missing in the as-deposited samples, and the cracks density remains very 
low in the irradiated samples. We noted that, due to irradiation, cracks 
widen reducing the size of the clods (see Fig. 3 S.I.), and consequently 
the quality of the layer decreases. So the quality of the film seems 
correlated to the presence of pre-existing cracks (present in the sample, 
before the laser treatment). These cracks should, in turn, depend on the 
deposition methodology. The atomic layer deposition of inorganic metal 
oxides films on polymers is a demanding process due to the lack of 
reactive surface sites on polymers [40]. Nevertheless, nucleation of the 
metal-oxide is possible by the diffusion and entrapment of the ALD 
precursors into the polymers [41]. As the deposition proceeds, the 
nucleation sites coalesce and form metal oxide film on top of the poly
meric substrate. In our case, we can speculate that the nucleation site 
density of TiO2 and ZnO are different with the used experimental con
dition and with the peculiar polymer used. This could bring to the larger 
clods in the film with the ZnO interlayer and to a difference in the final 
morphology. This consideration is supported by the optical microscopies 
in Figs. 5 and 3 S.I.,4 S.I. and SEM analyses reported in Fig. 5 S.I where it 
is apparent that the TiO2/PMMA surface results covered by smaller clods 
(and thus it is more cracked) than the TiO2/ZnO/PMMA sample coun
terpart. Considering the obtained results, we can conclude that the 
presence of the ZnO interlayer is important for the anchoring of the TiO2 
layer on PMMA, in reducing the presence of cracks that act as a “critical” 
zone under laser irradiation. 

When crystalline TiO2, with good photo-catalytical activity, is irra
diated with UV radiation, it eliminates the contaminants on the surface 
and structural changes on its surface occurs (generation of light-induced 
vacancies and Ti3+ states) [42,43]. These effects induce an increase of 
the surface affinity with hydroxyl groups (by dissociation of chem
isorbed water molecule) and the formation of hydrophilic domains. On 
the contrary, for amorphous or “not active” TiO2, wettability remains 
unchanged upon UV irradiation. In our case, the contact angle was 
around 80◦ for both amorphous, and non-irradiated samples. Low values 
(~20◦) were obtained only for crystallized (Fig. 2b) and not cracked 
films (Fig. 3) i.e. for fluencies between 50 and 60 mJ/cm2 and 10 pulses. 
The presence of cracks at higher fluence and/or at higher number of 
pulses, makes more complex the surface morphology and thus the 
interpretation of the data. Indeed, the contact angle is highly dependent 
on the texture of the surface. In our case, we found that increasing the 
fluence, cracks and zones without film appears. We can schematize the 
surface as composed (after UV illumination) with regions with hydro
philic character (TiO2) and regions with less hydrophilic character 
(polymer). For heterogeneous surfaces wettability properties are 
described by Cassie model [43]. According to this model the apparent 
contact angle for a liquid droplet is related to the contact angle of the 
“bare” TiO2 and “bare” polymer by the equation: 

cos
(
θapp

)
= fcos(θTio2) + (1 − f )cos

(
θpolymer

)
(3)  

where f is the area fraction of the liquid droplet in contact with the TiO2 
surface, (1-f) area fraction in contact with the polymer and θTiO2, 
θpolymer, θapp, are the contact angle of TiO2, the polymer and the apparent 
(measured) one. The values of the area fraction can be smoothly 
measured by the optical images in Figs. 5 and 3 SI and 4 SI while the 

contact angle of the “bare” TiO2 and that of the polymer are assumed to 
be 20◦ and 80◦ respectively. In such a way, we are able to calculate the 
apparent contact angle and compare it with the measured one. Results 
are shown in Fig. 6 as dotted lines. Although the simple model used, the 
results shows the same trend of the experimental observation. This 
corroborated that the model used can describe quite well the properties 
of the surface. Indeed, as the surface becomes crystalline the contact 
angle goes down to 20◦ making the surface hydrophilic but increasing 
the fluence the presence of cracks and the peeling off of the TiO2 exposes 
the “less hydrophilic” polymer surface to the water environment, mak
ing the contact angle higher. 

4. Conclusions 

We deposited through low temperature (90 ◦C) ALD technique a thin 
layer of 400 nm of amorphous TiO2 on PMMA. Pulsed UV-laser irradi
ation induced a phase transition from amorphous to crystalline anatase 
phase. To have the crystallization and good quality of the layer, some 
requisites should be matched: fluences and pulses number have to 
overcome a threshold value of ~45 mJ/cm2 and 10 pulses, respectively. 
Simulations of the heat diffusion demonstrated that the temperature on 
the surface overcame the phase transition temperature, but to have a 
crystallized layer at least 10 pulses are necessary. Moreover, we found 
that the quality of the anatase layer was limited by the presence of 
cracks: at higher fluences (or pulses number) the size of the cracks in
creases. Nevertheless, improvement of the layer quality was obtained by 
introducing a ZnO interlayer between TiO2 and the PMMA polymer. 
Wettability properties of the surface are described by using the Cassie 
model. 
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