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ABSTRACT 

TiO2 micropatterns have received great attention for application of photocatalysis, electronics 

and optoelectronics. Formation of such micropatterns on polymer substrates is of importance 

in flexible device fabrication. Vacuum ultraviolet (VUV) oxidative treatment applied on 

metalorganic precursor gel films serves as a strategy to fabricate metal oxide films on heat-

sensitive substrates such as polymers. Here, 172 nm VUV oxidative treatment through a 

photomask is used to directly convert the titanium metalorganic precursor films into TiO2 

patterns without further heat-annealing. In comparison to the commonly used alkoxide-based 

precursors, titanium acetylacetonate (TAA) proves to be an appropriate precursor due to its 

chemical stability in an ambient environment. With this precursor, clear removal of untreated 

precursor gels is achieved, resulting in well-defined amorphous TiO2 micropatterns with a 

minimum feature of 1 µm and a small edge roughness less than ~4%. The innovativeness arises 

from the one-step VUV photochemical conversion in the whole ambient conditions, which 

largely reduces complex processes e.g. nitrogen-filled glovebox or post-heat treatments. High-

quality amorphous TiO2 micropatterns can be applied to device fabrication of solar cells and 
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memories. This patterning approach highlighting TiO2 can be also extended to other metal 

oxides, which has great potential in surface and device processing.  

1. Introduction 

Titanium dioxide (TiO2) has attracted tremendous attention on its unique photocatalytic, 

photovoltaic, electronic and optoelectronic properties.[1–4] The fabrication techniques of TiO2 

arrays and patterns on substrates are important in the large-area formation of integrated 

electronics,[5] memories,[6] solar cells,[7] photocatalysis,[8] sensors,[9,10], etc. Approaches for TiO2 thin 

films including sputtering,[11] sol-gel[12] and chemical vapor deposition[13] could be used to fabricate 

TiO2 patterns on inorganic substrates with the assist of photoresist. These methods were 

conducted in severe reaction conditions e.g. high temperature, and they were usually not 

applicable to polymer substrates. For flexible devices fabrication, new patterning methods, 

which can be processed in milder conditions and adaptable to flexible polymer substrates, are 

increasingly required.[14] For example, liquid phase deposition (LPD) was proposed as a useful 

approach for preparing TiO2 thin films and micropatterns in mild conditions. In this method, the 

reaction occurred in a liquid solution at room temperature. A soluble titanium precursor 

hydrolyzed to form titanium complex ions and condensed to form TiO2 precipitation.[15,16] Polymer 

substrates or silicon substrates covered with self-assembled monolayer (SAM) were patterned 

by UV photolithography to generate affinity-patterns, thus the TiO2 precipitation on less-affinity 

regions could be selectively removed to form patterns. Based on this method, TiO2 

micropatterns were successfully fabricated on polymer substrates[17] as well as silicon 

substrates.[18] However, this method suffered from poor precision since the lift-off process could 

not precisely remove the TiO2 on the less-affinity regions.  

Photolithographic patterning techniques, which can also be conducted in mild conditions, 

provide new possibilities for the formation of TiO2 patterns. Vacuum ultraviolet (VUV, 172 nm, 

Xe2 excimer lamp) light is strongly absorbed by O2, which forms active oxygen species such as 
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ozone and atomic oxygen.[19–25] VUV light and the active oxygen species (VUV/(O)) could 

directly dissociate titanium alkoxide precursors to form amorphous TiO2 thin films.[19,20] However, 

such titanium alkoxide precursors are not suitable for operation under an ambient atmosphere 

because they react with water molecules and the resulting hydrolyzed products are insoluble in 

common solvents. For micropatterning, how to choose a precursor with stable ligands is a key 

issue related to whether the precursor gels can be clearly removed from the undesired regions.  

Among the ligands for metalorganic precursor, acetylacetonate is fairly stable in ambient air 

because its β-diketone structure chelates to the center metal atom and suppresses the hydrolysis 

and polymerization reactions.[26,27] This acetylacetonate chelating structure can be dissociated by 

UV or deep UV irradiation, and the irradiated gels were converted to insoluble hydrolyzed 

products, which could be further annealed to form metal oxides by heat processes.[26,28] Inspired 

by these, we expect that a VUV oxidative treatment (VUV/(O)) applied on an acetylacetonate-

based precursor gel film can directly form metal oxide micropatterns.   

In this work, we reported a 172 nm VUV oxidative treatment (VUV/(O)) approach to 

fabricate TiO2 micropatterns on a cyclo-olefin polymer (COP) substrate. Titanium 

acetylacetonate (TAA) was proved to be as an appropriate precursor since it was stable in an 

ambient environment even after it was exposed to air for 2 h. Photochemical reaction of TAA 

was characterized by Fourier transform infrared spectroscopy (FTIR) and X-ray photoelectron 

spectroscopy (XPS) to confirm the formation of TiO2. The patterning fabrication of TiO2 was 

conducted by VUV/(O)-treatment through a photomask, as illustrated in Figure 1. The 

precursor gels on the irradiated regions were converted into insoluble TiO2 films, then the 

untreated precursor gel films were washed away by a common solvent to leave TiO2 patterns. 

The resulting micropatterns were characterized by optical microscopy, scanning electron 

microscopy and energy-dispersive X-ray spectrometry (SEM-EDX), and transmission electron 

microscopy (TEM). As the previously reported, such VUV-generated TiO2 were not crystalline 

at this stage.[19,20] This should be a major drawback of the present VUV/(O)-patterning strategy 
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since the TiO2 films usually need to be crystallized to obtain good electronic and optoelectronic 

behaviors.[29] However, there are some examples of photo-induced crystallization from 

amorphous TiO2 to rutile. A direct process was reported to convert titanium alkoxide thin films 

into rutile TiO2 thin films by irradiating ArF excimer laser.[30] Another example was also reported 

that a rutile shell was obtained by irradiating amorphous TiO2 particles using a xenon arc lamp.[31] 

These provide possibilities to achieve crystallization without high-temperature annealing. By 

combining with the adequate processes of photo-crystallization, our amorphous VUV/(O)-

fabricated TiO2 micropatterns could be converted into rutile structure in low-temperature 

conditions to meet a wider range of requirements of device fabrication. Although the as-

prepared TiO2 micropatterns by our method were amorphous in the present stage, these 

amorphous TiO2 thin films and micropatterns can be instantly applied to academic and industrial 

application including sensors,[32] resistive random access memories,[33–36] solar cell elements[37,38] and 

photovoltaic materials.[39] Amorphous TiO2 also attracted attention by demonstrating its photo-

activities.[40,41] In the final part, we demonstrated an example application of the resulting 

amorphous TiO2 patterns, that is, photo-metallization of copper on them to form metal patterns.  

 

 

Figure 1. Scheme illustrating VUV/(O) lithographic patterning with quartz photomask and the 

formation of TiO2 micropatterns. (a) TAA precursor is spin-coated on the substrate. (b) TAA 

gel films are treated by VUV/(O) through a photomask. (c) TAA gels in the irradiated region 

are converted into TiO2. (d) By 2-propanol rinsing, the untreated precursor gels are washed 

away, forming TiO2 patterns on the substrate. 
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2. Results and Discussion 

 

2.1. VUV/(O)-oxidation of TAA 

    VUV/(O) photochemical reaction was reported to convert titanium precursors to TiO2 by 

removing the organic moieties. To observed the VUV/(O)-induced photo-oxidation reaction of 

TAA precursor gels, the elimination of the organics could be monitored by observing the IR 

absorption bands related to acetylacetonate ions. TAA gel films spun on a non-doped Si 

substrate were first characterized by transmittance-mode FTIR. The chemical composition of 

TAA gel films were confirmed to be stable in ambient air for 2 h (Figure S1), showing that 

TAA is more stable than those previously reported titanium precursors, e.g., titanium 

alkoxides.[20,27] The FTIR spectra of TAA gel films on both Si and COP substrates were measured 

with various VUV/(O)-irradiation time, as shown in Figure 3. For clearly judging the chemical 

changes of TAA after VUV/(O)-treatments, TAA was spin-coated on Si substrates, and the IR 

absorption bands of the TAA gels were measured after various VUV/(O)-irradiation time. The 

FTIR measurements were conducted by using the transmittance-mode, thus the Si-substrate-

related signals could be successfully subtracted. The IR absorption peaks and bands from the 

carbon-related vibrations of as-spun TAA gel films were observed as described below. In the 

chemical forms of CHx species, the absorption bands at 2970, 2930, 2865 cm-1 corresponded to 

C–H stretching vibrations. The absorption band at 1190-1124 cm-1 was due to C–H in-plane 

bending. The absorption bands at 1585 cm-1 and 1524 cm-1 were characteristic vibration 

frequencies from the conjugated C=O and C=C of the acetylacetonate ligands bonded to Ti. 

The absorption bands at 1383 cm-1, 1279 cm-1, and 1010 cm-1 were attributed to CH3 deformation, 

CC stretching + CCH3 stretching, and CH3 rocking, respectively, which phenomena were due to 

vibrations from the alkyl structures of the acetylacetonate groups.[27,42–44] The absorption bands 

corresponding to C–H related vibrations vanished in the first 10 min of irradiation. Strong bands 
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associated with C=O and C=C vibrations largely decreased in the first 10 min, and mostly 

disappeared after 2 h of irradiation. These suggested that the VUV/(O)-treatment removed the 

organic moieties of TAA.  

After confirming that the organics in TAA gel films can be cleanly removed by VUV/(O), 

such VUV/(O)-oxidation of TAA was conducted on our target polymer substrates – COP, and 

the elimination of the organics in TAA gels was also investigated by using FTIR. Since the 

detection light in the wavelength of 1500-1400 cm-1 cannot penetrate the 188-µm-thick COP 

substrates,[45,46] the transmittance-mode was no more practicable. The FTIR measurement for 

TAA gel films spun on COP substrates was conducted by using attenuated total reflection mode 

(ATR-mode), as shown in Figure 3b. However, in the obtained FTIR spectra by ATR-mode, 

the subtraction of substrate-related signals is difficult due to variation of light penetration depth 

into the substrates.[47] Therefore, we demonstrated the FTIR spectra without subtraction of 

substrate-related signals. Before spin-coating the TAA precursor, the COP surface was 

functionalized by VUV/(O)-modification in order to increase the adhesion between the 

precursor gel film and the COP surface. In the FTIR spectra of the VUV/(O)-modified COP 

substrate, the band at 3000-2800 cm-1 and peak at 1447 cm-1 were due to C-H stretching and 

deformation vibrations from the alkyl structures, respectively.[45,46] IR absorption bands at 1800-

1600 cm-1 due to vibrations of oxygenated carbon species appeared after VUV/(O)-modification 

of the COP surface. FTIR spectra of the TAA gel films on the COP substrates showed similar 

IR absorption to the TAA gel films on the silicon substrates. After the TAA gel films were 

irradiated by VUV/(O), the acetylacetonate-related bands mostly disappeared, leaving the IR 

absorption bands corresponding to the spectra of the VUV/(O)-modified COP surface. Since 

the theoretical light penetration depth of ATR-mode FTIR measurement with a Ge prism is 

around 0.5 µm (light penetration depth: 0.66 µm in region of 1000 cm-1 and 0.44 µm in region 

of 1500 cm-1),[47] we could not prevent the absorption bands of VUV/(O)-modified COP from 

overlapping with the TAA spectra. Despite this, removal of acetylacetonate groups from the 
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precursor gel films was confirmed by the spectra changes due to the VUV/(O)-treatment. After 

the acetylacetonate ligands were dissociated, the remained inorganic substances in the gel films, 

most likely titanium oxides, were further investigated by XPS to understand their chemical 

states.  

 

Figure 2. IR spectra of TAA gel films formed on (a) the Si substrates and (b) the COP substrates. 

The changes of IR bands were observed in various VUV/(O)-irradiation time.  

 

2.2. Formation of TiO2 

To investigate the chemical states of the remained inorganic films, XPS measurements were 

carried out by acquiring C1s, O1s, Ti2p spectra, as shown in Figure 3. Deconvolution of the 

C1s spectra indicated that oxygenated carbon species corresponding to binding energies of 

~284.8 eV for C–C, ~286.0 eV for C–O, ~287.2 eV for C=O and ~289.1 eV for O–C=O[48–50] were 
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clearly decreased by the VUV/(O)-treatment. These results are consistent with the results of 

FTIR. After VUV/(O)-treatment for 2 h, the peaks associated with the organic functional groups 

mostly disappeared. The residual C1s peak areas were due to contaminant adsorption during 

transferring the samples to the XPS instruments.[20,51,52] O1s spectra were deconvoluted into Ti–

OH (~532.5 eV), O–C (~532.2 eV), O=C (~531.5 eV) and O–Ti(IV) (~530.4 eV).[20,53,54] The 

deconvoluted peaks of O=C and O–C vanished after 2 h VUV/(O)-treatment, and the peak 

intensity of O–Ti(IV) component increased. The changes in peak intensity are attributed to the 

dissociation of carbonyl groups and conjugated alkoxy groups, which are in good agreement 

with previously reported photo-generated metal oxide films.[20,55] Besides, we noticed a slight 

peak shift of ~0.2 eV in the deconvoluted peaks of O–Ti(IV), where the O–Ti(IV) peak in the 

as-spun TAA films centered at ~530.3 eV and the O–Ti(IV) peak in VUV/(O)-treated TAA 

films centered at ~530.5 eV. Such slight shifts have been also reported in another related study 

which produced TiO2 by VUV/(O)-treatments.[20] We considered that the slight binding energy 

shifts in O–Ti(IV) appeared because the O–Ti bonds are in different chemical environments, 

e.g. chelate bonds between C=O to Ti and ionic bonds of O–Ti,[26,27] in the precursor TAA and in 

the inorganic TiO2. However, so far it is difficult to give an appropriate explanation to such 

shifting without sufficient evidences. In the Ti2p spectra, the peak positions of Ti2p1/2 and Ti2p3/2 

were at 464.6 eV and 458.8 eV respectively, which were assigned to Ti(IV) as previously 

reported.[20,56,57] After VUV/(O)-treatment, no obvious shifting of Ti2p was observed, which 

indicated that the titanium content in the VUV/(O)-treated gel films remained their oxidation 

state of Ti(IV) without generating any Ti(III) or metallic Ti. As a result, the VUV/(O)-treatment 

in ambient conditions successfully removed the organic moieties and form TiO2 thin films. 
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Figure 3. XPS spectra of C1s, O1s and Ti2p of TAA precursor thin films before and after 

VUV/(O)-treatment for 2h. Square markers represent the measured spectra. Red curves 

represent the envelopes of overlapping deconvolution peaks.  

 
2.3. Characterizations of TiO2 micropatterns 

 

After investigating the formation of TiO2 thin films on the silicon substrates and the COP 

substrates, we further performed TiO2 micropatterning. We focused on developing TiO2 

micropatterning techniques on the COP substrates. Photomasks with striped and circular slits 

were used for VUV/(O) patterning. The TAA gel films were irradiated by VUV light 

transmitted through the slits of a photomask. Active oxygen species (O) were generated above 

the gel films at the VUV-irradiated regions, and these oxidative species participated in the 

dissociation of organics.[21] The irradiated regions were converted to TiO2, while the precursor 

gels in the masked regions retained their acetylacetonate chelating structure, which were soluble 

in alcoholic solvents. After washing away the untreated TAA gels by 2-propanol solvent, well-

defined striped and circular patterns were successfully formed over a large area, observed by 

optical microscope shown in Figure 4. SEM images of the TiO2 striped and circular 

micropatterns are shown in Figure 5. EDX element mapping images illustrate the Ti element 

distribution corresponding to the SEM images, clearly verifying the removal of untreated TAA 

gels from the non-irradiated regions. 



  

10 
 

 

Figure 4. Optical images of the TiO2 micropatterns on COP substrates. Optical images were 

observed by optical microscopy in dark field mode. (a) Striped micropatterns with widths of 2 

µm and 10 µm (top to bottom). (b) circular micropatterns with diameters of 2 µm, 1 µm, 5 µm 

and 10 µm (clockwise from the top-left).  

 

Figure 5. SEM images and EDX titanium element mapping images of (a) striped and (b) 

circular micropatterns on COP substrates. Clean removal of TAA precursor is confirmed by the 

titanium element mapping. 

The line edge roughness of micropatterns is an important parameter when fabricating 

electronics.[17,18] Line edge roughness of the VUV/(O)-fabricated TiO2 striped micropatterns was 

estimated by measuring the standard variations of line width. The SEM image (Figure S2) 

revealed an average line width of 11.0 µm with a standard variation of 0.34 µm in a nominal 

10-µm-striped region, and an average line width of 2.47 µm with a standard variation of 0.09 

µm in a nominal 2-µm-striped region. This corresponded to a line edge roughness of 3.1% 

(0.34/11) in the nominal 10-µm-striped patterns and 3.6% (0.09/2.47) in the nominal 2-µm-

striped patterns. The average line width was slightly larger than the nominal width of the 
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photomask, most likely due to diffusion of the active oxygen species.[21,24] Nevertheless, a low 

value of line edge roughness was obtained in our method, which was lower than the usual 

variation of 5% in general electronic design. Moreover, this value is much more precise than 

the results of other TiO2 micropatterning techniques at room temperature using LPD, i.e., with 

hydrophilically-patterned SAM template (28%)[18] or hydrophilically-patterned polymer surface 

(17% by ultrasonic lift-off and 4.8% after further peeling by adhesive tape).[17]  

Cross-sectional TEM images were obtained by slicing the sample perpendicularly to the 1-

µm-striped TiO2 patterns, as shown in Figure 6. The morphology of micropatterns was shown 

by STEM dark-field images (Figure 6a). A magnified image of one TiO2 pattern is shown in 

the inset. Layers from the bottom to the top were the COP substrate, a TiO2 pattern, a carbon 

coating for scanning ion microscope observation, and a phenanthrene (C14H10) protective film 

coated for the forced ion beam slicing process. They were represented as i., ii., iii. and iv., 

respectively. EDX element mapping images (Figure 6b, c) illustrate the elemental distributions 

of carbon and titanium. Titanium element exists only in the TiO2 pattern regions, revealing the 

clean removal of TAA gels on the undesired regions. Carbon element exists abundantly in the 

COP substrate (i.) as well as the carbon coating (iii.) and the phenanthrene film (iv.). A 

deficiency of carbon element was found in the TiO2 pattern regions, revealing a clear 

elimination of organics from the TAA gels by the VUV/(O)-treatment.  
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Figure 6. TEM cross-sectional images of 1-µm-striped TiO2 patterns from a TAA solution of 

0.05 mol/L on a COP substrate. (a) STEM dark field image. Inset shows the magnified image 

of one TiO2 pattern. Each layer is represented as: i. COP substrate, ii. TiO2 pattern, iii. carbon 

coating, iv. C14H10 protective film. (b) EDX element mapping of titanium. (c) EDX element 

mapping of carbon. 

Although the prepared TiO2 thickness from a TAA solution of 0.05 mol/L is short (~60 nm), 

we believe that by increasing the thickness of the spin-coated TAA gels, the thickness of the 

resulting TiO2 patterns could be increased. For example, we spin-coated a “thicker” TAA 

solution with a double concentration (0.1 mol/L) on the COP substrates (the same parameter of 

rotation rates and time), and conducted VUV/(O)-patterning. The thickness of the resulting TiO2 

patterns increased to ~100 nm, as shown in Figure S3.  However, such thickening still has its 

limitation. Amorphous TiO2 films have a continuous and strong absorption band in the 

wavelength range of ultraviolet (λ < 310 nm).[31] Once the penetration of the VUV light (λ = 172 

nm) and the permeation of active oxygen species reached the limit, the deeper TAA gel films 

out of this limit would not be converted to TiO2. The present report is focusing on studying the 

feasibility of the TiO2 micropatterning via VUV/(O) lithography, nevertheless, further studies 

could be devoted to investigation of thicker pattern formation for the demands of application.  

Due to the whole ambient reaction conditions, our VUV/(O)-patterning strategy could be a 

general approach for TiO2 patterning on arbitrary substrates, and the demonstrated patterning 

has a minimum feature of 1 µm. The photolithography is conducted by VUV light with a 

wavelength of 172 nm, the resolution of our TiO2 patterning is essentially constrained by the 

optical resolution. Moreover, the broadening of the pattern widths due to the active oxygen 

species was also observed. These set a constrain for achieving higher resolution. In some other 

works about micropatterning using VUV-photolithography, the resolution could be achieved to 
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~500 nm.[46] We believe that our TiO2 patterning technique with µm-scale resolution is 

satisfactory for the industrial application.  

We determined the crystallinity of our VUV/(O)-fabricated TiO2 micropatterns by HR-TEM 

(Figure S4a) and SAED (Figure S4b). Both HR-TEM and SAED images indicate that 

VUV/(O)-fabricated TiO2 from TAA precursor was amorphous, similar to the result of the 

VUV/(O)-fabricated TiO2 from titanium alkoxide precursors.[20] VUV-obtained metal oxides 

were reported to be amorphous.[19,20]  However, as mentioned in the introduction part, several 

reported photo-crystallization strategies can be combined with our VUV/(O)-patterning method 

to produce crystalline TiO2 patterns. Also, our amorphous TiO2 patterns revealed their potentials 

as components for sensors,[32] resistive random access memories,[33–36] solar cell elements[37,38] and 

photovoltaic materials.[39] Moreover, amorphous TiO2 also attracted attention by demonstrating 

its photo-activities.[40,41] In the next section, we demonstrate photo-metallization of copper on the 

amorphous TiO2 patterns to form metal patterns.   

 

2.4. Selective Cu deposition on TiO2 micropatterns 

 

Direct photo-deposition of copper on patterned TiO2 nanocrystals was already reported to 

form conductive circuit patterns on dielectric substrates.[58] Our VUV/(O)-fabricated TiO2 

micropatterns can also be applied to the site-selective deposition of copper metal through their 

photocatalytic activities. Low-molecular-weight alcohols such as methanol and ethanol are 

widely used as hole scavengers. In this work, we used 3:1 methanol/ethanol by volume as both 

the solvent and the hole scavenger for the photo-deposition experiments.  Nitrogen purging 

during the photo-deposition reaction was utilized to remove dissolved oxygen from the solvent. 

UV-Vis transmission spectra of the copper acetate methanol/ethanol solution, as shown in 

Figure S5, revealed that sufficient photons for excitation were able to reach the TiO2-patterned 

substrate at the solution thickness of 0.4 mm (transmittance of ca. 60% at 248 nm and above 
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80% in the range of 300 nm - 500 nm). In the SEM-EDX image (Figure 7a, b, c), copper signal 

was detected only on the TiO2 micropatterns, indicating that copper was deposited only on the 

TiO2 micropatterns. The shapes and sizes of TiO2 patterns before and after the photocatalytic 

copper deposition were observed, as shown in Figure S6. Here we compared the copper 

deposited TiO2 (Cu/TiO2) patterns with diameters of 5 µm to the as-prepared TiO2 patterns with 

diameters of 5 µm. EDX element mapping was shown corresponding to the SEM images. The 

diameters of patterns of each element in EDX images were measured to evaluate the change in 

size. The diameter of the as-prepared TiO2 patterns (Ti element) was measured to be 5.0 ± 0.1 

µm. In the images of the Cu deposited patterns, Cu patterns (Cu element) have a diameter of 

5.1 ± 0.3 µm, where the diameter  of TiO2 patterns beneath them (Ti element) is 5.0 ± 0.2 µm. 

After the photocatalytic copper deposition, TiO2 patterns retained the circular shape and the 

diameters. The diameter of the Cu patterns was slightly larger than the diameter of TiO2 patterns, 

most likely due to the growth of the deposited copper. Nevertheless, all the element mapping 

patterns retained the circular shape and revealed good consistency to the patterns of the 

photomask.  

XPS measurements were conducted to understand the chemical composition of the Cu 

deposited TiO2 patterns on the COP substrates, as shown in Figure 7d. Cu2p3/2 spectra show a 

main peak at 932.9 eV, and there is no Cu2+ satellite at 944-941 eV, indicating that Cu(II) species 

no longer existed after photo-deposition. The deposited Cu should be the reduced species such 

as copper metal or cuprous oxide (Cu2O). A weak satellite peak at ~945 eV was detected, which 

is usually attributed to Cu2O.[59] However, since the XPS photoelectron signals are sensitive on 

the very surface, to understand the chemical states of Cu within the copper deposition, other 

characterization i.e. HR-TEM and SAED should be conducted, which will be discussed later. 

Ti2p spectra show a slightly swelled signal centered at 464.8 eV indicative of Ti2p1/2 and a 

relevantly stronger Ti2p3/2 peak at 459.1 eV. The weak intensity of these Ti2p photoelectron 

signals indicated that the TiO2 patterns were embedded by the Cu deposition. Such weakening 
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of the intensity of Ti2p signals was also reported in the related studies.[58] C1s spectra show a 

sharp peak of C–C at 285 eV with a shoulder at 290-286 eV. These peak can be attributed to 

the VUV/(O)-modified COP surface where the regions were not covered by the Cu/TiO2 

patterns.[45] O1s spectra show a main peak centered at 530.8 eV and a subpeak at 533-532 eV. 

The subpeak at 533-532 eV was attributed to oxygenated carbon groups from the VUV/(O)-

modified COP surface.[45,53] The peak centered at 530.8 eV is usually attributed to metal oxides: 

here the metal oxides should be TiO2 and naturally formed cuprous oxide on the deposited 

copper metal.[54,59] Overall, the SEM-EDX and XPS results indicated that Cu was successfully 

deposited on the TiO2 patterns. More detailed information about the crystallinity of deposited 

Cu and TiO2 was investigated by TEM.   

The HR-TEM image of deposited Cu (Figure 8a) shows clearly well-crystallized copper 

species with interplanar distance of 2.10 Å corresponding to Cu(111), referenced to ICDD-

JCPDS data base (face center cubic copper, JCPDS card No. 04-0836). Also, the HR-TEM 

image of the boundary region between TiO2 and Cu is shown in Figure 8b. In the Cu region, 

well-crystallized structures with interplanar distance of 2.10 Å were also observed, which 

corresponded to Cu(111). In the TiO2 region, the structure retained amorphous even after the 

UV irradiation from the high-pressure mercury lamp for 1 h. Selective area electron diffraction 

(SAED) patterns were acquired from the Cu region and from the TiO2 region. SAED image of 

the TiO2 region (Figure 8c) shows a non-crystalline result. On the contrary, SAED image of the 

Cu region (Figure 8d) shows that the lattice spacings of 2.10 Å, 1.83 Å, 1.31 Å, 1.11 Å, 0.86 

Å, which are attributed to copper metal: Cu(111), Cu(200), Cu(220), Cu(311), Cu(331), 

respectively (referenced to JCPDS card No. 04-0836). Crystal structures of either cuprous oxide 

or cupric oxide were not observed by SAED measurements. These proved that the deposited 

Cu was copper metal. O1s photoelectron signals at 530.8 eV and Cu2p satellite at 945 eV might 

be attributed to naturally formed amorphous cuprous oxide due to the exposure in air.[59] 

Accordingly, a patterning of copper metal on the VUV/(O)-fabricated TiO2 micropatterns was 
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successfully demonstrated. This method can also be applied to other precious metals, e.g. Au, 

Ag, Pd.[60–62] By using the VUV/(O)-fabricated TiO2 micropatterns, surface processing techniques 

for pattern formation of metals on polymer substrates can be simply achieved, which raise 

interesting possibilities for the new design and creation of flexible electronic and optoelectronic 

devices.  

 

 

 

Figure 7. Photo-deposition of copper on TiO2 micropatterns by UV-irradiation through a copper 

acetate solution. SEM image of TiO2 circular patterns on a COP substrate after photo-

deposition: (a) SEM image and its corresponding EDX element mapping images of (b) titanium 

and (c) copper. (d) Chemical states of the resulting Cu deposited patterns on the COP substrates, 

studied by XPS spectra Cu2p3/2, Ti2p, C1s, O1s.  
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Figure 8. HR-TEM images and SAED patterns of the resulting Cu deposited patterns. (a) HR-

TEM image of the Cu region. (b) HR-TEM image of the boundary region between TiO2 and Cu. 

(c) SAED pattern from the TiO2 region. (d) SAED pattern from the Cu region.  

 
 
3. Conclusion 

 

We have demonstrated a microfabrication method for a large-area patterning of TiO2 on a 

polymer substrate, which could be fully conducted in an ambient environment. TAA was 

proved to be a favorable precursor due to its chemical stability in ambient air, and it thus played 

a key role in further patterning processes, in which the untreated precursor gels on the undesired 

regions can be cleanly removed. VUV/(O)-treatment eliminated the organic moieties from the 

TAA precursor gel films and formed TiO2 thin films. Well-defined amorphous TiO2 

micropatterns with a minimum feature of 1 µm were fabricated by VUV/(O)-treatment through 

a photomask. Since neither heat-treatments nor other severe conditions were required, this 

method is well suited for pattern fabrication on polymer substrates. High-quality amorphous 
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TiO2 micropatterns are useful in electronics, memories, solar cells, sensors, as well as 

photocatalysis used to form metal arrays. Some previously reported photo-crystallization 

techniques provided opportunities to convert our amorphous TiO2 micropatterns into rutile, 

therefore, these TiO2 patterns could meet a wider range of requirements of electronics 

fabrication. Further studies should be devoted to developing one-step patterning and 

crystallizing techniques. Overall, our VUV/(O) patterning technique proves to be a simple, 

precise and cost-effective TiO2 patterning technique, and we believe that it will lead to future 

synthesis approaches for device fabrication on flexible polymer substrates.  

 

 
4. Experimental Section  

 

VUV oxidative treatments: A Xe2 excimer lamp (λ = 172 nm, UER 20-172V, Ushio Inc.) was 

used for a VUV irradiation. The power of irradiation was measured to be 10 mW·cm-2 with an 

irradiation distance of 5 mm in nitrogen-filled chamber. The VUV oxidative treatment was 

performed in an ambient condition, thus VUV light and generated active oxygen species 

(VUV/(O)) participated in the photochemical reaction. The irradiation distance was fixed to 5 

mm.  

Preparation of substrates: A COP (ZF16-188, thickness of 188 µm, ZeonorFilm®, Zeon 

Corporation) sheet was cut into 2 cm × 2 cm pieces, the protective films were peeled off, and 

the VUV/(O)-modification for 50 min was performed to functionalize the surface. A non-doped 

Si(100) wafer (thickness of 525±25 µm with resistance of ≧1000 Ω·cm, Electronics & 

Materials Co. Ltd) was cut to 2 cm x 2 cm, then sonicated in ethanol (99.5%, Nacalai Tesque) 

and in ultrapure water (UPW) for 20 min each. The silicon substrate was then VUV/(O)-treated 

for 20 min in order to remove adsorbed organic impurities and to activate the surface. 
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Precursor gel film and its chemical stability in air: A solution of 0.1 mol/L TAA was prepared 

by diluting commercial TAA solution [63% (w/w) in 2-propanol, Tokyo Chemical 

Industry(TCI)] with 2-propanol (99%, Nacalai Tesque). Spin-coating was performed using a 

solution drop of 100 µL at 500 rpm for 15 s followed by 2000 rpm for 100 s. TAA gel films 

were formed on the COP substrates or the silicon substrates. Time-dependent chemical changes 

of the spun gel films in ambient air were observed by FTIR. 

Formation of TiO2 thin films: The spun TAA gel films on the COP substrates or the silicon 

substrates were VUV/(O)-treated for a series of irradiation time. The chemical compositions of 

VUV/(O)-treated TAA gel films were characterized by FTIR and XPS.  

TiO2 micropatterning on polymer substrates: TAA gel films on the COP substrates were 

prepared as previously described, which used TAA with concentration of 0.05 mol/L and 0.1 

mol/L. A photomask (chromium patterns 100 nm in thickness on a 2-mm-thick quartz plate; 

light transparency of 93% at 172 nm) was used for micropatterning. After the irradiation, the 

substrates were rinsed in 2-propanol to remove the TAA gel film at the masked regions. The 

resulting TiO2 micropatterns were characterized by optical microscopy, scanning electron 

microscopy and energy-dispersive X-ray spectrometry (SEM-EDX), and transmission electron 

microscopy (TEM).  

Site-selective deposition of copper metal on TiO2 micropatterns: A solution of 0.25 mmol/L 

copper acetate was prepared by dissolving copper acetate monohydrate powder (>95%, TCI) 

into a methanol/ethanol (vol. ratio 3:1) mixed solution. The substrate with TiO2 micropatterns 

was immersed into the copper acetate solution in a quartz photochemical cell, and it was 

irradiated by a high-pressure mercury lamp (REX-250, Asahi spectra) at 200 mW·cm-2 for 1 

hour with purging N2. UV light propagated through the copper acetate methanol/ethanol 

solution (thickness of ~0.4 mm) and reached the TiO2 patterns. To quantify the effective 

irradiation, UV-Vis transmittance measurement in the copper acetate methanol/ethanol solution 

was conducted using a UV-Vis spectrometer (U-3500, Hitachi). Afterward, the substrate was 
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rinsed in UPW in order to remove copper acetate remaining on the surface. Selective photo-

deposition of copper was characterized by XPS and SEM-EDX. 

Characterization: FTIR (Excalibur FTS-3000, Digilab) was utilized for monitoring the 

changes in organic moieties of TAA during the VUV/(O)-induced photochemical conversion 

by applying transmission-mode or attenuated total reflection mode (ATR-mode). ATR-mode 

FTIR measurement was carried out using a grazing angle attenuated total reflectance Ge crystal 

with a reflection angle of 65º. All the measurements were conducted in an ambient environment, 

and the IR spectra were taken in the range of 4000-950 cm-1 with a resolution of 2 cm-1. XPS and 

Auger spectra were received by a photoelectron spectrometer (JPS-9010TRX, JEOL) equipped 

with a Mg Kα X-ray source (emission current 10 mA, accelerate voltage 10 kV) in a highly-

evacuated environment (10-7 - 10-6 Pa) to study the chemical changes. High resolution spectra of 

O1s, Ti2p, C1s, Cu2p were recorded at each energy step of 0.1 eV. The obtained XPS spectra 

were referenced to C-C at 285.0 eV. AFM (MFP-3D, Oxford Instruments) was used to visualize 

the morphology of TiO2 micropatterns in AC dynamic mode using aluminum backside-coated 

Si probes (SI-DF-40, Hitachi Hi-Tech Co. Ltd.). The measurements were performed in an 

ambient environment. Prior to the SEM observation, a conductive carbon film was coated on 

the samples by a high vacuum evaporator (HUS-5GB, Hitachi). The micrographs and the 

corresponding element mapping images of TiO2 micropatterns were received by a SEM-EDX 

facility (SEM: S-3500H, Hitachi; EDX: Delta Plus 3, Kevex/Fisons Instruments Inc.). The 

measurements were conducted at an acceleration voltage of 15 kV. Sliced samples for TEM 

cross-section images were prepared by the focused ion beam (FIB) cutting technique with a 

scanning ion microscope (SIM), using a finely-focused beam of gallium ions (JFIB-2300, 

JEOL). Prior to the cutting, a phenanthrene (C14H10) protective film with a depth of ~1 µm was 

coated on the sample. TEM (JEM-2100F, JEOL) measurements were performed at an 

acceleration voltage of 200 kV to investigate the cross-section images and element distributions 

of micropatterns by applying scanning TEM (STEM) and TEM-EDX. The crystallinity of TiO2 
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and photo-deposited copper were studied using high resolution TEM (HR-TEM) and selected 

area electron diffraction (SAED). The electron diffraction patterns and interplanar distances 

were compared to the ICDD-JCPDS database, where Cu (JCPDS card No. 04-0836), Cu2O 

(JCPDS card No. 05-0667), CuO (JCPDS card No. 80-1916) are referenced.  
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