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ABSTRACT: Nanostructured crystalline titanium dioxide (TiO2) finds applications in numerous fields such as photocatalysis or 
photovoltaics where its physical and chemical properties depend on its shape and crystallinity. We report a simple method of fabri-
cating TiO2 nanowires by selective area deposition of titanium tetraisopropoxide (TTIP) and water in a CVD-based approach at low 
temperature by utilizing a PS-b-PEO self-assembled block copolymer thin films as template. Parameters such as exposure time to 
TTIP (minutes to hours), working temperature (~18 to 40 °C) and relative humidity (20 to 70 %) were systemically investigated 
through GISAXS, SEM and XPS and optimized for fabrication of TiO2 nanostructures. The resulting processing conditions yielded 
titanium dioxide nanowires with a diameter of 24 nm. An extra calcination step (500 °C) was introduced to burn off the remaining 
organic matrix and introduce phase change from amorphous to anatase in TiO2 nanowires without any loss in order. 

Crystalline and nanocrystalline titanium dioxide (TiO2), is one 
of the most studied transition-metal oxides due to its excellent 
physical and chemical properties. Depending on the TiO2 

polymorph (i.e. anatase, rutile and brookite or combinations 
thereof), TiO2 nanostructures find applications in various 
fields such as gas sensing1,2 photovoltaics3,4 photocatalysis5,6 
and cell-culture7. 

Methods for forming TiO2 include chemical and physical 
vapor deposition (CVD and PVD)8,9,10, sol-gel11,12, plasma 
laser deposition (PLD)13, atomic layer deposition (ALD and 
PEALD)14,15,16,17 and reactive electron beam evaporation18.  
However, those methods (apart from sol-gels) require preci-
sion control of gas flow, substrate temperature and working 
pressure. Although the above mentioned TiO2 production 
methods yield highly crystalline films, they require costly 
equipment and offer poor control over nanostructural ar-
rangement, significantly limiting nanoapplications. 

Self-assembled block copolymer (BCP) patterning and/or 
templating offers a cost-effective approach for the formation 
of well-defined nanostructured thin film architectures. Block 
copolymers consist of two (or more) incompatible, covalently 
bonded polymers that form ordered morphologies with dimen-
sions of sub-10 to 100 nm when phase-separated in the right 
conditions19,20,21. BCP thin films can be used to produce an 
organic/inorganic hybrid material. The organic component can 
be subsequently removed, yielding nanostructured inorganic 
materials22. In the past, sol-gel processes have been widely 

used to form titanium dioxide where a polymer solution and a 
metal precursor (usually alkoxides) solution are mixed togeth-
er prior to film coating23,24,25 or evaporation26. A range of dif-
ferent nanostructures (micelles, worm-like, nanowires, nano-
dots, etc.) may be obtained through controlling a wide range of 
conditions including sol-gel concentration, solvent, evapora-
tion rate and spin coater speed. However, titanium alkoxide 
precursors are highly reactive with water and generally require 
acidic solutions (e.g. acetic acid, hydrochloric acid and tri-
fluoroacetic anhydride) to stabilize the precursors and slow 
down their hydrolysis27,28. Evaporation induced self-assembly 
(EISA) method, among other sol-gel techniques, is a common-
ly used method for templating inorganic materials. However, 
obtaining highly ordered nanostructured films via this ap-
proach remains highly challenging29. An alternative, single 
step fabrication route involves incorporating preformed parti-
cles within block copolymer solutions, allowing precise con-
trol of the size, shape and crystallinity of the particles. Limited 
miscibility between the inorganic particles and BCP solutions, 
however, often results in segregation and is therefore a signifi-
cant drawback. 

Control over nanostructure shapes (nanowires, nanodots, etc.) 
and, hence, titanium dioxide nanostructures, can be obtained 
by decoupling block copolymer self-assembly from metal 
oxide incorporation. BCP templates are used as a scaffold for 
the formation of inorganic nanostructures30. After removal of 
all organic components, a one-to-one registration is observed 
between the original pattern and the inorganic counterpart. 
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The order of resulting oxide is strictly dependent on the film 
order. For the oxide to selectively incorporate the hydrophilic 
part of the BCP, a metal precursor solution can be spun cast 
over the substrate31. Alternatively, the pattern may be im-
mersed in metal precursor solution32. However, as for sol-gel 
methods, precise control over metal precursor concentration 
and stabilization is required.  

In this paper, we adapt the former approach (decoupling pat-
tern formation from metal incorporation) by introducing the 
metal precursors using a CVD-like method. To date, extensive 
work has been carried out onto PS-b-PMMA in CVD, ALD 
and SIS chambers33 to form nanostructure materials and thin 
films34,35,36. However, to our knowledge, no attempt using 
simple evaporation of the precursors under ambient and low 
temperature has been recorded. Because we aim to selectively 
deposit inorganic material, PS-b-PEO is a block-copolymer of 
choice for templating, over PS-b-PMMA, as hydrophilic func-
tional groups (Ti-O) are capable of bonding with the hydro-
philic PEO component37. 

Utilizing the amphiphilic properties of PS-b-PEO, its high χPS-

PEO value, and the hydrolysis of a titanium alkoxide precursor, 
we are able to form well-ordered TiO2 nanostructures without 
the need of any precise precursor solution formulation or high 
control over gas flow and pressure. Furthermore, no complex 
chamber or processing is required as it is for ALD method. 
The method presented here (although similar to SIS which 
borrows its chemistries from ALD and consists of cyclic infil-
tration and reaction), eliminates the sequential steps of the SIS 
process34

. All chemicals, including the titanium precursor, are 
introduced to the chamber at the same time. Highly uniform 
TiO2 nanowires and nanodots mimicking the original BCP 
patterns are produced over large area as evidenced by micros-
copy analysis. Additionally, this novel approach is both indus-
trially compatible and environmental-friendly. We envisage 
that the simple, yet highly effective process reported herein 
may be used widely for selective vapor infiltration of block 
copolymer domains producing functional inorganic nanostruc-
tured materials. 

 

RESULTS AND DISCUSSION 

The method used to produce ordered titanium dioxide nan-
owires is illustrated on Scheme 1. 

Block Copolymer Self-Assembly. The first stage in this novel 
CVD-based TiO2 nanostructure fabrication route utilizes BCP 
thin films acting as a template for selective adsorption of a 
TiO2 precursor. BCP films possess a propensity to self-
assemble via microphase separation, forming highly ordered 
nanostructures. PS-b-PEO thin films were fabricated via spin-
coating to produce highly uniform thin films with thicknesses 
of ~40 nm as measured by ellipsometry (Figure S1). As-cast 
films show poorly ordered films with mixed orientation of 
PEO cylinders within a PS matrix and, therefore, do not pos-
sess a significant degree of long range order that would make 
them attractive templates for the generation of ordered TiO2 
nanostructures. Solvo-thermal annealing was used to optimize 
the BCP morphology, where the combination of heat and 
solvent vapor are employed to promote mobility of the poly-
mer chains, enabling chain re-organization and the formation 
of morphologies closer to thermodynamic equilibrium. Tolu-
ene is a good solvent for the PS domains, allowing the chains 
to swell and stretch to maximize their contact with the solvent 

molecules (χPS-tol = 0.46, χPEO-tol = 5.34, where χ is the solvent-
polymer interaction parameter38,39 and indicates good dissolu-
tion if smaller than 0.5). However, at room temperature, the 
low vapor pressure of toluene (2.9673 kPa)40  does not provide 

enough pressure for the vapors to penetrate the glassy PS 
film41 (case II diffusion) and enhance the mobility of the 
chains. Increasing the temperature to 60 °C increases the vapor 
pressure to 18.93 kPa, leading to phase separation. On the 
other hand, water is a good solvent for the PEO42 domains, due 
to hydrophilic interactions, and the air moisture in the anneal-
ing chamber is sufficient to induce mobility of PEO chains. A 
topographic AFM image of a BCP film exposed to toluene 
vapors at 60°C for 2 hours is shown in Figure 1 where the 
center-to-center distance was measured to be 38 nm with a line 
width of 26 nm comparable with dimensions in our previous 
studies30,41. The ability of BCP thin films to adopt different 
nanoscale morphologies41 offers routes to generate a range of 
different TiO2 nanostructures. Figure S2 presents vertical 
arrangement (pillars) of PEO domains within a PS matrix and, 
after incorporation, subsequent titanium dioxide nanodots. 

 

Titanium dioxide nanostructure fabrication. In order to 
fabricate TiO2 nanowires, PS-b-PEO thin films with morphol-
ogies consisting of cylinders orientated parallel to the surface 
were used as a template (Figure 1) to generate the desired 
titanium dioxide nanostructures. This was achieved by expos-
ing the BCP thin-films to titanium alkoxide vapors, which 

Figure 1. AFM image (2x2 µm) of self-assembled PS-b-PEO 
thin film acting as a template.  

Scheme 1. Illustration of the formation of titanium dioxide nan-
owires. (a) As-cast thin film of PS-b-PEO solution on Si substrate; 
strate; (b) self-assembled PS-b-PEO obtained after thermo-solvent 
annealing at 60°C in toluene vapors; (c) PS-b-PEO thin with 
SEO/TiO2 hybrid and (d) titanium dioxide nanowires after UV/O3 

and calcination process. 
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undergo hydrolysis and subsequent condensation to form 
titanium hydroxides. Titanium alkoxide precursors, known to 
be susceptible to hydrolysis, are scarcely used in aqueous or 
humid environments43 and are often diluted in alcohol prior to 

use to manage the reaction rate44. The two different compo-
nents of PS-b-PEO possess different affinities to titanium 
alkoxides. PEO has been shown 

 
Figure 2. XPS spectra of (a) block copolymer thin film prior to titanium dioxide incorporation, (c) – (f) titanium dioxide nanowires on 
silicon after UV ozone treatment and before calcination at 500 °C, and (g) – (j) titanium dioxide nanowires on silicon wafer after UV 
ozone treatment and calcination. High resolution XPS spectra were recorded for Ti 2p core level (d) and (h), O 1s core level (e) and (i), and 
C 1s core level (f) and (j).  Table (b) gives the atomic percentage of each element. Conditions for titanium dioxide formation are as follow: 
20 min exposure to TTIP, at 30 ⁰C and 60 RH. 

to have a high affinity for cations due to hydrophilic interac-
tion between cations and oxygen atoms from the PEO do-
main45. On the contrary, the hydrophobic nature of the PS 
excludes cation incorporation. By exposing the polymer film 
to pure titanium tetraisopropoxide (TTIP) solution, we aim to 
selectively deposit Ti4+ cations within the PEO domains. After 
ion incorporation, UV ozone treatment was performed to 
ensure complete oxidation of the titanium precursor to titani-
um dioxide and to remove most organic components (TTIP 
reacting with PEO, it is likely that some PEO remains under 
TiO2 domains). The resulting titanium dioxide nanowires, after 
3 hours of exposure to TTIP vapors and UV ozone treatment, 
have a thickness of 12 nm as determined by ellipsometry 
(Figure S1). In the approach presented herein, precise control 
over the relative humidity (RH) and temperature enables selec-
tive generation of TiO2 onto the PEO domains of the BCP 
template. 

 

Influence of the precursor. Two different titanium alkoxide 
precursors were investigated, TTIP and titanium butoxide, 
which both possess high volatility and high vapor pressure 
making them suitable for this CVD-based approach. AFM 
images of titanium dioxide formed under ambient conditions 
(~18 °C) after 30- to 255-minute exposure to TTIP vapors are 
available in Figure S3. The average line width was measured 

to be 24 nm (2 nm smaller than the original template)30 while 
the average center-to-center distance was 38 nm.  

However, when using titanium butoxide, little or no titanium 
dioxide nanostructures were observed. Although titanium 
butoxide  precursor has a higher vapor pressure than titanium 
tetraisopropoxide, the long alkane chains of titanium butoxide 
lower its apparent volatility by increasing the intermolecular 
forces within the alkyl chains (steric hindrance) and, hence, 
hinder its interaction with the PEO domains16. On the contrary, 
bulky alkyl groups from TTIP prevented oligomerization and 
promoted higher volatility.  

XPS was used to study the chemical nature of the incorporated 
titanium precursor after UV/O3 treatment and after calcination. 
Data shown here are for titanium dioxide nanowires obtained 
after 20 min exposure to TTIP, at 30 °C and 60 RH. Recorded 
surface survey after UV/O3 treatment and calcination indicated 
the presence of expected elements (Si, Ti, O) as well as C 1s 
(286 eV) peaks as shown in Figure 2 (f) and (j). The fluorine 
peak, only present in the PS-b-PEO thin film survey, Error! 
Reference source not found. 2 (a), is believed to be a conse-
quence of cross-contamination. Most organic components are 
removed following UV ozone treatment, as shown in the Ta-
ble (b) of Figure 2, with a drop in C 1s atomic percentage 
from 84 to 29 % due to polymer degradation after exposure to 
UV/O3. Calcination process at 500 °C, under ambient condi-
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tions, is applied to remove even further the remaining traces of 
the organic matrix. Another drop in C 1s atomic percentage 
from 29 to 7 % is observed for the same sample (see Table b 
in Figure 2). Furthermore, an increase in Si 2p atomic per-
centage after two hours of calcination at 500 °C is an indirect 

evidence of removal of the organic matrix as more silicon 
surface us readily available. As such, the contrast observed in 
the SEM images (Figure 3) reflects the formation of the inor-
ganic TiO2 nanowires. Extensive Ti 2p spectra, Figure 

 

Figure 3. SEM images showing the evolution of formed titanium dioxide nanowires at 30 °C as a function of exposure time to 
TTIP (x-axis) and relative humidity (y-axis). The self-assemble BCP thin films were exposed to TTIP in 70% relative humidity for 
(a) 5 min, (b) 10 min, (c) 15 min and (d) 20 min ; in 60% relative humidity for (e) 5min, (f) 10 min, (g) 15 min, (h) 20 min ; in 50% 
relative humidity for (i) 5 min, (j) 10 min, (k) 15 min and (l) 20 min; in 30% relative humidity for (m) 5 min, (n) 10 min, (o) 15 min 
and (p) 20 min.  All scale bars = 500 nm, except in (e) were scale bar = 1 µm. All images were taken after a 3-hour UV ozone 
treatment 

 

2 (d) and (h), were recorded to analyze with exactitude the 
titanium chemical environment. The Ti 2p doublet observed is 
characteristic to Ti4+ species in TiO2 (O–Ti–O bonding)46,47. It 

consists of the Ti 2p3/2 peak at ~460 eV (462 and 458.5 eV 
before and after calcination, respectively) and the Ti 2p1/2 peak 
at ~466 eV (468 and 464 eV before and after calcination, 

Page 4 of 10

ACS Paragon Plus Environment

ACS Applied Nano Materials

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60



 

respectively). The presence of Ti3+ and Ti2+ species are not 
observed within experimental error. Figure 2 (e) and (i) show 
the core level of O 1s spectra, before and after calcination, 
which consist of a broad peak. The peaks centered at 531.4 
and 529.8 eV, before and after calcination respectively are 
attributed to titanium dioxide at the surface48 (Ti-O bonds). 

Peaks at 535.4 and 531.9 eV are attributed to SiO2 while peaks 
at 533.4 and 530.6 eV are attributed to the presence of remain-
ing PEO groups after UV ozone treatment and calcination (C-
O and C=O bonds). Presence of the polymer is also confirmed 
in Figure 2 (f) and (j) with peaks at 288.2 and 286.3 eV be-
fore calcination, and peak 

Figure 4. Experiment recorded on titanium dioxide nanowires made at 30 °C, under 60 RH, after UV ozone treatment. 2D-
GISAXS patterns of (a) self-assemble BCP thin film, and titanium dioxide nanowires after an exposure time to TTIP of (b) 5 min, 
(c) 10 min, (d) 15 min, (e) 20 min and (f) 25 minutes respectively. Intensity profile (g) showing peak intensity as a function of q, at 
various time. Evolution of the first peak order (h) as a function of exposure time. 

 

at 286.2 eV after calcination. Adventitious carbon peak was 
calibrated to be 284.8 eV. Calcination of samples is a re-
quirement to obtain pure titanium dioxides nanostructures 
supported on SiO2. 

Influence of the temperature on titanium precursor deposition. 
Under ambient conditions, well-defined amorphous TiO2 
nanostructures were obtained after 2 hours and up to 4 hours 
of TTIP exposure (Figure S3). Evaporation and incorporation 
processes can be accelerated and optimized by changing the 
working temperature. At fixed relative humidity, increasing 
the temperature from room temperature to 30 °C enhances 
TTIP evaporation rate due to higher vapor pressure. Also, it 
decreases effective exposure time needed to form titanium 
dioxide nanowires   dramatically from hours (Figure S3) to 
minutes (e.g. Figure 3h). At 40 °C (Figure S4), however, the 
hydrolysis rate of TTIP is too high and it is not possible to 
generate TiO2 nanostructures reproducibly. Further, it was not 
possible to achieve selective incorporation within the PEO 
domains, leading to overfilling and increased surface rough-
ness. Due to the faster evaporation rate, there is a competition 
between selective incorporation into the PEO domains and 
gas-phase reaction between TTIP and water vapors before 
reaching the substrate49. Additional data on the evolution of 

nanowires fabricated at 40 °C is available in the supplemen-
tary information (Figure S4). 

Influence of relative humidity on titanium precursor deposi-

tion.  SEM images (Figure 3) show the evolution of titanium 
dioxide formation as a function of relative humidity (y-axis) 
and exposure time (x-axis) at fixed temperature of 30 °C. 
Images were taken after exposure to UV ozone for 3 hours. 
Low relative humidity values (under 40 RH), lowering “air 
moisture”, requires longer exposure time to form well-defined 
TiO2 as shown in Figure 3 (m-p): after 5 minutes exposure, 
no nanostructures are observed at 30 RH. To form nanostruc-
tures after a short exposure to TTIP vapors, it is necessary to 
increase the relative humidity: higher water content favors 
TTIP hydrolysis and evaporation while enhancing Ti–O bond 
formation49. In Figure 3 (i-l) and (e-h), 50 and 60 RH respec-
tively, nanowires formation is observed after 5 min exposure 
to TTIP. Although, best results are obtained after longer expo-
sure time of 15 - 20 minutes. At high relative humidity values, 
70 RH and above, the substrate tends to overfill, and nan-
owires are not well defined. Sometimes, a titanium dioxide 
film covering the surface can be observed:  chemical reaction 
between the precursor and water molecules occur in the gas 
state prior to deposition (Figure S4). Such a phenomenon is 
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beginning to be visible for longer exposure time at 70 RH as 
shown in Figure 3 (d).  

These observations give information about the existence of an 
optimized processing window for the formation of titanium 
dioxide nanowires. Figure 3 (l), surrounded by an orange 
border, shows well-defined nanowires obtained after 20 
minutes of exposure to TTIP at 30 °C and 50 RH.  

For more quantitative information regarding TiO2 nanowires 
incorporation, Grazing Incidence Small Angle X-Ray Scatter-

ing (GISAXS) was performed. Figure 4 (a-e) shows the 
GISAXS data for samples exposed to TTIP vapors at 30 °C, 
60 RH for 5 - 25 minutes. The corresponding SEM images are 
available in Figure 3 (e)-(h), excluding 25 minutes of expo-
sure. Note that Figure 4 (a) is the starting reference for the 
experiment showing a native self-assembled PS-b-PEO thin 
film, prior to TTIP exposure. The two-dimensional GISAXS 
patterns presented in 

 
Figure 5. (a) Raman spectra of titanium dioxide powder before (black curve, top) and after (red curve, bottom) calcination at 500 
°C, showing the intensity as a function of wavenumber. (b) XRD spectra of titanium dioxide powder before (black curve, bottom), 
after (red curve, middle) calcination, and according to PDF 21-1271 anatase (blue curve, top) 

 

Figure 4 (a-h) exhibit strong scattering features perpendicu-
larly orientated to the substrate surface, corresponding to 
cylinder domains aligned parallel to the substrate. By increas-
ing the TTIP exposure time, initially the intensity of the first 
order peak increases (Figure 4 b-d) and reaches a maximum 
after 15 minutes (Figure 4d). However, when increasing the 
exposure time further and beyond 20-25 minutes, the intensity 
of the first order peak becomes significantly weaker, Figure 4 
(e-f). We believe this reflects that in the initial part of the 
process, the reaction of TTIP forms a significant amount of 
titanium on the PEO domains (before being oxidized to TiO2 
after UV/O3 treatment). After 15 minutes a saturation point is 
reached, and the intensity of the first order peak scattering 
diminishes as titanium hydroxides covers both PEO and PS 
domains. Meanwhile, a second order peak is observed, in 
Figure 4 (b-d), for exposure times of 5, 10 and 15 minutes. 
This peak disappears after 15 minutes exposure to TTIP. 
Hence, the order of the titanium dioxide nanowires remains 
improved until 15 minutes of exposure. Figure 4 (g) presents 
the horizontal integrated scattering with the corresponding 
first and second order position. The position of the first order 
scattering peak shifts from ~0.0168 to ~0.0174 Å-1, as shown 
in Figure 4 (h), corresponding to 37.3 and 36.1 nm respective-
ly. This domain spacing correlates well with the AFM data of 
the PS-b-PEO template shown in Figure 1, where the repeat 
distance of the PEO domains was ~38 nm.  

The SEM data provided in Figure 3 (e-h, l) together with the 
corresponding GISAXS data in Figure (a-g) reinforce the 
effectiveness of this simple CVD-based evaporation method to 
pattern TiO2 features. A green border on Figure (g, h) high-
lights the optimum process window to form TiO2 nanowires: 
30 °C, 60 RH and 15 – 20 minutes exposure to TTIP. 

 

Calcination and recrystallization of amorphous titanium 

dioxide nanostructures. The last stage of this CVD-based 
method involves calcination of the sample at 500 °C to (a) 
remove any remaining organic component and (b) convert the 
titanium dioxide phase from amorphous to anatase. Due to the 
processing conditions to obtain titanium dioxide nanostruc-
tures (low temperature, ambient relative humidity), the TiO2 

nanowires fabricated here are most likely to be amorphous in 
nature50. Following calcination at 500 °C for two hours, titani-
um dioxide nanowire phases were analyzed via Raman spec-
troscopy and XRD. However, because of their small size, 
analysis was inconclusive. To address the issue, TTIP was 
drop-cast onto a glass substrate, left to dry and calcined under 
the same conditions to mimic the ambient processing condi-
tions of this CVD-based approach. Figure 5 (a) and (b) repre-
sent the phase change from amorphous to crystalline in drop-
cast samples as observed with (a) Raman spectroscopy and (b) 
XRD analysis. 

A 514 nm 30 mW Argon Ion laser selected as the excitation 
source of the UV Raman spectra, Figure 5 (a). As expected, 
before calcination, a broad shoulder at 225 cm-1 is observed 
with broad bands at 320, 439 and 590 cm-1 indicating the 
amorphous nature of the sample (TiO2). After calcination, the 
Raman spectra shows major bands at 149, 205, 400, 520 and 
642 cm-1 can be attributed to the Raman-active modes of ana-
tase phase51,52. The change from amorphous to anatase is also 
confirmed via XRD analysis, Figure 5 (b). No peaks are ob-
served before calcination (amorphous phase, black curve in 
Figure 5b). When calcined at 500 °C, narrow anatase diffrac-
tion peaks at 2θ = 25.3°, 37.0°, 37.8°, 38.6°, 48.1°, 53.9°, 
55.1° and 62.87° were observed (red line in Figure 5b). The-
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ses peaks represent the (101), (103), (004), (112), (200), (105), 
(211), and (213) planes of the anatase phase respectively and 
match the anatase standard values of the XRD pattern JCPDS 
no. 21-1272 (shown in blue in Figure 5b). Although Raman 
and XRD spectra were recorded on titanium dioxide power, 
we cautiously believe that our titanium dioxide nanowires will 
have the same crystalline phase i.e. anatase. 

Alongside the phase change from amorphous to crystalline, 
the calcination process was also used to test the thermal stabil-
ity of the titanium dioxide nanowires formed. GISAXS was 
performed on titanium dioxide nanowires before and after the 
calcination process (Figure S5). Data show that the overall 
order of the system increases after calcination, with an in-
crease in the intensity of the first order scattering peak and a 
second order scattering peak becoming visible. Additionally, 
there is a small shift in the position of the first order peak 
(0.01724 to 0.01709 Å-1), which is ascribed to a small increase 
in the domain spacing and a reduction in nanowire width, 
consistent with high temperature densification. 

CONCLUSIONS 

In summary, this work demonstrates how block copolymer 
thin films may be used to template the formation of titanium 
dioxide nanostructure via exposure to alkoxide precursor 
vapors followed by subsequent oxidization. This CVD-based 
approach decouples thin film ordering from titanium dioxide 
deposition to design the geometry of the initial PS-b-PEO 
pattern and, hence, the resulting titanium dioxide structure. 
Pattern arrangement and size is intrinsically dependent on the 
molecular weight and the relative volume fraction of the block 
copolymer used.  

Titanium dioxide was selectively deposited into the hydro-
philic block, PEO, utilizing low temperature (from ambient 
temperature to 40 °C) and a well-known CVD-inspired chem-
istry: titanium tetraisopropoxide (TTIP) and water as precur-
sors. The quantity of water introduced in the system was con-
trolled by the relative humidity present in the chamber, which 
was modified from 20 to 70 RH. Alongside the relative hu-
midity, the quality of the titanium dioxide nanostructures was 
tunable as a function of exposure time to TTIP and tempera-
ture. SEM images and GISAXS data suggest the existence of 
an optimal process window that provides the best ordered 
pattern: 30 °C, 60 RH, and 15 minutes exposure to TTIP. XPS 
data taken after UV/ozone treatment confirm the presence of 
titanium dioxide. Further XPS data, taken after calcination at 
500 °C for 2 hours, show that all PEO and polymer matrix are 
removed. Because titanium dioxide nanowires obtained were 
small (~24 nm in diameter), Raman and XRD analysis were 
carried out on pure calcined drop-casted TTIP exposed using 
the same processing conditions. Both Raman and XRD data 
confirmed the phase transformation of TiO2 nanowires from 
amorphous to anatase after calcination. 

Compared to ALD and CVD approaches, this evaporation-
based process operates at a much lower temperature and is 
free from costly equipment and complex processing. Com-
pared to sol-gel techniques used to form titanium dioxide, this 
approach is more user and environmentally-friendly as there is 
no need to prepare a metal precursor solution i.e. TTIP is used 
pure and no solvent (ethanol, methanol, etc.) is utilized. Fur-
thermore, additional calcination fully removes the remaining 
organic mask, and most likely crystallizes amorphous titanium 
dioxide to anatase without any loss of order. We believe that 
the evaporation-based approach demonstrated here is a suita-

ble technique for selective deposition at low temperature and a 
safe environment to produce a large variety of oxides. With 
the titanium dioxide nanostructures being a few nanometers 
high after pattern transfer, those nanostructures are fit for 
industrial purposes, notably in the solar cell industry and gas 
sensor. A further advantage of our process is the short process 
time (less than two hours) for microphase separation of the 
block copolymer thin film to followed by the calcination of 
the titanium dioxide nanostructures. 

EXPERIMENTAL 

Materials. Highly polished single-crystal silicon <100> wa-
fers (p-type) with a native oxide layer (~2-5 nm) were used as 
a substrate. No attempt was taken to remove the native oxide. 
Wafers were cleaned by ultrasonication in acetone and toluene 
respectively for 20 min and dried with a nitrogen stream prior 
to deposition of the BCP via spincoating. PS-b-PEO was pur-
chased from Polymer Source Inc. (Dorval, Canada) and used 
without any further purification. (MnPS = 42 kg mol-1, MnPEO = 
11.5 kg mol-1 where Mn is the number average molecular 
weight, PDI = 1.07 where PDI is the polydispersity index). 
Titanium tetraisopropoxide (TTIP, 97%), titanium butoxide 
(TB), toluene (HPLC grade, 99.9%), acetone (HPLC grade, ≥ 
99.8%) were purchased from Sigma-Aldrich and used as re-
ceived. 

Template and titanium dioxide formation. Block-copolymer 

solution preparation, deposition and pattern formation: Solu-
tions of PS-b-PEO were made in toluene (1 wt%) and stirred 
for at least 1 hour prior to use. Following dissolution, PS-b-
PEO thin films were formed by spincoating the 1 wt% BCP 
solution at 3000 rpm for 30 s onto Si wafer, using a SCS G3P-
8 spincoater. Post deposition, the as-cast films were solvent 
annealed. Films were placed in a 150 mL closed glass jar with 
a small vial containing 3 mL of toluene and annealed at 60 °C. 
Line formation (a single row of parallel hexagonally arranged 
PEO cylinders in a PS matrix) was induced with a 2-hour 
annealing time.  

Titanium dioxide nanostructure formation: Samples were 
attached upside-down at the top of a 15 mL-closed glass vial 
(height = 50 mm, diameter = 24 mm) containing 1 mL of 
titanium tetraisopropoxide. Exposure to TTIP vapors results in 
the formation of titanium hydroxides and was conducted under 
ambient temperature (~ 18 °C), 30 °C and 40 °C for time 
intervals ranging from 5 minutes to 4 hours. In addition, to 
study the influence of humidity on the evaporation rate of 
TTIP and subsequent nanostructures formation, the vials were 
placed in a relative humidity-controlled chamber where rela-
tive humidity varied between 20 and 70 RH. The deposited 
titanium hydroxide nanostructures were oxidized to form 
titanium dioxide via UV/ozone treatment for 3 hours (PSD Pro 
Series Digital UV/Ozone System; Novascan Technologies, 
Inc., USA). UV/ozone treatment was also used to ensure the 
stability of the nanostructures. Samples were then subjected to 
high temperature (400 to 800 °C) for 2 to 4 hours with 1 and 5 
°C /min ramp, resulting in calcination and altering to promote 
the formation of the anatase phase of titanium dioxide. Shown 
results are obtained after calcination at 500 °C. 

Characterization. BCP film thicknesses were measured using 
a spectroscopic ellipsometer “Plasmos SD2000 Ellipsometer” 
at a fixed angle of 70 °C on at least five different places on the 
sample and was reported as the film thickness result. A two-
layer model (SiO2 + BCP) was used to simulate experimental 
data. Surface morphologies of the nanostructured thin films 
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were analyzed with an AFM (Park systems, XE-100) in tap-
ping mode under ambient conditions using silicon microcanti-
lever probes tips with a force constant of 42 N.m-1. Topo-
graphic, phase and amplitude images were recorded simulta-
neously. AFM was used to ensure the quality of the film be-
fore titanium dioxide nanostructure formation. SEM meas-
urements were carried out on a JEOL model FEI FP 2031/11 
Inspect F field emission at an accelerating voltage of 10 or 20 
kV. X-Ray Photoelectron Spectroscopy (XPS) was performed 
on VG Scientific ECSAlab Mk II system using Al Kα mono 
X-ray source (1486.6 eV). XPS analysis was used to inform 
about the chemical state of the titanium. Raman scattering 
spectroscopy was collected with a Renishaw InVia Raman 
spectrometer equipped with a 2400 lines/mm grating using a 
514 nm 30 mW Argon Ion laser, spectra were collected using 
a RenCam CCD camera. The beam was focused onto the 
samples using either a 20x/50x objective lens. The laser power 
density was adjusted to ensure that the thin film surfaces did 
not undergo sample heating during the full spectral acquisition 
time. X-Ray Diffraction (XRD) analysis was performed using 
a Phillips Xpert PW3719 diffractometer using Cu Kα radia-
tion. (Cu Kα, λ = 0.15418 nm, operation voltage 40 kV, cur-
rent 40 mA). Grazing-Incidence Small-Angle X-ray Scattering 
(GISAXS) was performed at beamline I07 and I22, Diamond 
Light Source Ltd (Didcot, Oxfordshire, UK).  

ASSOCIATED CONTENT  

Supporting information accompanies this paper to show the appli-
cation of the process to the formation of TiO2 nanodots, the evo-
lution of TiO2 nanowires at various TTIP exposure time at room 
temperature and 40 °C, and the intensity profile of TiO2 
(GISAXS) after calcination. 
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