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Formation of a TiO, Micronetwork on a UV-Absorbing SiO ,-Based
Glass Surface by Excimer Laser Irradiation
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We report on the preparation of TiGnicronetworks on a UV-absorbing B{a—TiO,—SiO, glass
surface by excimer laser irradiation, a technigue we have called laser-induced superficial phase separation.
The TiO, micronetworks that were formed on the etched glass surface were in the rutile crystalline phase
and exhibited a photocatalytic capability. We were also able to form a range efficonetworks in
an array of 2Q#m holes. This flexible formation of photocatalytic Ti@etworks on a glass surface
without any heat treatments could enable a new route for developing novel microdevices, such as monolithic
microfluidics with light-catalyzed reactions and miniaturized solar batteries.

Introduction and the underlying surface as a result of localized metallic

) ) . __impurities and a nonuniform distribution of the electrostatic

Etching of SiG-based glass materials has been studied fig|gs, leading to the nonuniform appearance of these
extensively for a wide array of uses, such as micro-optics, particular columns.

microelectromechanical systems (MEMS), and bionanotech- o, the other hand, excimer laser etching utilizing a mask-

nology ap_plications, because these m_a'FeriF_ﬂS are traD_SpaferBrojection system is potentially valuable as a simple, resist-
over a wide spectral range and exhibit high durability 10 free process for microfabricatién® However, the application
elevated temperatures, humidity, and chemiti€ommon ¢ |aser etching to Sigbased glasses is difficult because
etching methods include reactive ion etching (RIE), plasma they exhibit very low absorption of laser light. To overcome
etching, and wet chemical etching, which have usually beenhis gpstacle, Sigbased glasses containing a controlled
used for microfabrication in combination with photolithog- quantity of TiQ, (hereafter known as UV-absorbing glass)
raphy. So far, these techniques have mainly been developegyaye heen developed by Nippon Sheet Glass Co., Ltd.; the
with the aim of achieving a smooth etched surface. However, gqdition of TiOs induces strong absorption, but only in the
when etched glass surfaces are used as flow channels in thg), region? When this UV-absorbing glass is exposed to a
MEMS process, they might also need to include smaller kg excimer laser, we found that the formation of a FiO
structures peculiar to the particular applications, such asyjicronetwork occurs simultaneously with the etching of the
micropillars and micropores for mixing fluids, supporting other constituents of the glass, which we term laser-induced
catalysts, and so forth. The ability to form such nano- and g perficial phase separation. It is well-known that Ti©a
micro-sized structures through lithography-free etching pro- material that has shown promising photocatalytic and opto-
cesses is still uncommon, but this technology has begun t0g|ectronic conversion abilities in the crystalline phase, which
attract increasing attention as a unique and simple route forpas accelerated its development for various integration
microfabrication. Zeze et al. reported the preparation of techniqued®-13 We also confirmed that the TiOnicronet-
submicron quartz columns with a high aspect ratio by \yorks were precipitated in the rutile crystalline phase and
utilizing the lithography-free RIE of quartzThey suggested  that they exhibited photocatalytic capability. This is, to our
that differential etching occurred between the glass column pest knowledge, the first report of the formation of crystalline
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TiO, micronetworks on glass surfaces without the application
of any heat treatments and/or adhesives.

Experimental Section

Na,O—TiO,—SIiO;, glass (Nippon Sheet Glass) sheets were used
as UV-absorbing Si@based glass samples. This glass has been
developed as a UV laser-machinable glass that absorbs light in the
UV range. The TiQ compositions used in this study were 5, 30
and 40 mol %. X-ray diffraction measurements confirmed that the
original glasses were fully amorphous. Using a transmission electron
microscope (TEM; Topcon, EM-002B), original glasses thinned by
a focused ion beam method were also observed. As a result, there
were no phase-separation-derived structures such as nanosized
particles, indicating that the original glasses were uniformly
amorphous. On the other hand, with over 40 mol % JJiDwas
difficult to maintain a uniform amorphous state. To etch the sample
surface, KrF excimer laser pulses (Lambda Physik, EMG-MSC201;
A = 248 nm, fwhm~ 30 ns) were accumulated through a beam
homogenizer onto a glass surface at 5 Hz under flowing helium
gas.

Top and cross-sectional observations of the laser-irradiated glass
surface were performed with a scanning electron microscope (SEM;
Keyence, VE-7800). Observations with a confocal scanning laser Figure 1. (a) Top- and (b) cross-sectional-view SEM micrographs of
microscope (Keyence, VK-8500) provided information about the micronetwork structures prepared by KrF excimer laser irradiation on a
surface morphology. The crystalline structure was examined by UV-absorbing glass surface. The laser fluence and number of pulses were
micro-Raman spectroscopy at a spatial resolutionahl(JASCO, set at 0.6 m? and 500 pulses, respectively.

NRS-1000) using the second-harmonic wave of a CW Nd:YAG i i
laser operated at 15 mW as an excitation source. To investigateN€fWork, submicron islands were observed under the same

the distribution of the constituents of the glass, electron probe irradiation condition for a glass with 5 mol % of TiOOn
microanalysis (EPMA) measurements were also carried out usingthe basis of these results, we determined that a high
a JEOL JXA-8200 system. Distribution maps for both titanium and concentration of TiQ is vital for the formation of a
silicon were measured using wavelength-dispersive X-ray analysis continuous micronetwork. Hereafter, we will concentrate on
(WDX), and sodium was detected by energy-dispersive X-ray this unique laser-induced micronetwork structure and show
(EDX) analysis (JEOL, JXA733) to avoid the diffusion of sodium results on g|asses with a Ti'@oncentration of 30 mol %.
during the measurements. The formation of the micronetworks also depended
The photocatalytic performance of the laser-irradiated glass strongly on the laser fluence; the networks were observed
surface was also evaluated because it was found that the surfac%nly over a narrow fluence range, from the ablation threshold

modification with rutile TiQ micronetworks occurred after the KrF of 0.2 to 0.6 dem2, whereas the etched surface became

excimer laser irradiation. The photocatalytic ability was tested with -
respect to photocatalytic decomposition of methylene blue (MB) smoother above 0.8dm™ The presence of the gas flow

contacted with the glass surface. A Afhol/L MB solution in a was important for the formation of the micronetwork. In
resin cell of 35 mL was placed on the sample glass surface and@ddition to helium, the micronetwork was formed by laser
kept in the dark for 120 min to saturate the absorption of MB onto irradiation under flowing nitrogen gas, although it was
the surface. The cell was capped with a glass cover to eliminate observed that some of the concave parts of the network were
the influence of @produced by UV-lamp irradiation of air. Then,  filled. On the other hand, we could not fabricate micronet-
the solution was exposed to the irradiation from a black light lamp work structures by laser irradiation without gas flow over
(Toshiba Lighting & Technology, FL20S-BLB). The light intensity  the entire fluence range employed in this work. Judging from
of E"Ze UV lamp at the position of the sample was set at 1 mW aqe results, it is probable that the gas flow helps to remove
cm= The photodegradation of MB as a function of exposure o0 species from the concave parts of the micronetwork.
time was monitored using a spectrophotometer (Perkin-Elmer, - .
Lambdag900). T_he incomplete mlc_ronetwork structure prepared under the
nitrogen gas flow might come from shorter mean free path,
that is, less removal ability. Figure 1b shows a cross-sectional
SEM image of the sample etched at 0.&ni 2 This
Figure 1a shows a top-view SEM image of a micronetwork observation confirmed that a continuous network was formed
structure prepared by KrF excimer laser irradiation of a UV- by the conjunction of many cones with a height of ca. 9
absorbing NgO—TiO,—SiO; glass with 30 mol % Ti@ An um. Hence, the application of laser irradiation in order to
accumulation of 500 laser pulses at a fluence of €cénJ? etch the surface of a UV-absorbing glass caused the
was applied under flowing helium gas, resulting in the simultaneous generation of a micronetwork.
formation of a micronetwork on the surface, which had been  Micro-Raman spectroscopic measurements were per-
etched to a depth of about X0n. The micronetwork was  formed on the glass surface without and with laser irradiation.
reproducible in the case of both glasses containing 30 andFigure 2a,b shows the micro-Raman spectra of a glass before
40 mol % TiG. On the other hand, instead of the micro- irradiation and the micronetwork formed after irradiation,

Results and Discussion
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Figure 2. Micro-Raman spectra of (a) a micronetwork and (b) a }- }\'
nonirradiated glass surface. The micronetwork was fabricated by the
accumulation of 500 laser pulses at 0:dnd—2. The numbers in the figure
represent the wavenumbers of the Raman peaks. The Raman peaks fro
the laser-induced micronetwork that appear at 412 and 607 can be
assigned to Ti@in the rutile crystalline phase.

respectively. Because the second-harmonic wave of af
Nd:YAG laser with a beam diameter ofydm was used as |
the excitation source, the spatial resolution of the measure-gig e 3. EpPMA maps of () titanium, (b) silicon, and (c) a combination
ment was about &m. In the case of the spectrum from the of titanium and silicon. The color gradation from green to red corresponds
micronetwork, the excitation beam was focused on the tothe relative concentration of the titanium and silicon, respectively; a more
kelet f ’ ti twork. A It th int intense color represents a higher concentration. (d) SEM image composed
Skeleton of a continuous NEtWOrK. As a result, tNrée INeNSE t efiecied electrons. The EPMA maps show that the titanium is mainly
peaks appeared at 270, 412, and 607 tmvhereas no distributed on the micronetwork, whereas the silicon mainly appears in the
intense peaks were observed from the virgin glass surface concave parts around the network.
The Raman peaks at 412 and 607 éroan be assigned to
crystalline TiQ in the rutile phase. The rutile phase has four
Raman-active modes and exhibits two strong Raman peaks

Original surface

at 448 cm! (Ey) and 613 cm? (Asg) with two other weak —

peaks at 144 cmi (Byg) and 827 cm? (Byy).'41° Here, it — 10.&@

should be mentioned that the peaks observed at 412 and 607 {1 ulse ”‘*
Bia :

cmt show red shifts from the literature data of 448 and 613
cm1, respectively, and such spectral modifications might
be caused by an oxygen deficiency. In fact, a red shift of

-:g- ":-s“‘ G

1 i 1 f yEiE - ."_-1\._.'__.‘_ -'ﬂ-,ri;a L%
the rutileEg line to 424 cmy was reported for aT@sampI.e [20 puses BEtaii® [100 puises
prepared by a gas condensation metHothe recovery in Basrgig eit ST

the peak position toward 448 crhwas observed after the
sample had been annealed at elevated temperatures in air,
whereas annealing in argon did not change the peak position.
Thus, they concluded that the oxygen deficiency might lead
to the shifting of Raman lines. Moreover, they mentioned
that the rutileE; mode (448 cm') was more sensitive to
this oxygen deficiency than thlsy mode (613 cm?), which
corresponds with our results that the 448 ¢iwand is shifted Figure 4. Structural evolution as a function of number of laser pulses.
farther than the 613 cm band. The relatively broad peak The laser fluence was 0.3cin2. Small bumps appeared after the first
at approximately 270 cni is still unassigned but might be  FCeR SrC o 0 o e o conjorn atter 200
the result of a defect-induced disorder in relation to the pulses, resulting in a Ti(rutile) micronetwork with a height of am.
oxygen deficiency or a second-order process. On the other
hand, six Raman-active modes exist for the anatase phaseC
so the most intense peak would be recorded at 144'cm
(Eg) in addition to other peaks at 197 cin(Ey), 397 cnr?
(Big), 518 cnm?! (A and By, unresolved), and 640 crh
(Eg).14*5 Therefore, we can conclude that the micronetwork
was composed of Ti©rutile crystallites.

|r2-00 pulses_

Figure 3 shows typical EPMA maps and an SEM image
omposed of reflected electrons for an etched glass surface
with a TiO, micronetwork. The green-to-red color gradation
seen in Figure 3ac corresponds to the relative concentra-
tions of titanium and silicon, respectively; the more intense
color indicates a higher concentration. The EPMA maps
show the distribution of titanium in the micronetwork,
whereas silicon appears mainly in the concave parts around
(14) Robert, T. D.; Laude, L. D.; Geskin, V. M.; Lazzaroni, R.; Gouttebaron, the network. Thus, a nonuniform distribution of titanium and

R. Thin Solid Films2003 440, 268. silicon (i.e., phase separation between J#bd SiQ) was

(15) Iwabuchi, A.; Choo, C.; Tanaka, K. Phys. Chem. B004 108 10863. : - o .
(16) Parker, J. C.; Siegel, R. W. Mater. Res199Q 5, 1246. induced by the laser irradiation. Moreover, the UV-absorbing
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Figure 5. (a) Basic experimental setup adopted in studying the photocatalytic properties of a laser-inducedcfa@etwork. A glass surface with the

TiO2 micronetwork was contacted with methylene blue (MB) solution under UV illumination from a black lamp. (b) Change in MB concentration due to
the photocatalytic decomposition by the Ti@icronetwork as a function of UV-lamp irradiation time (solid circles). As a reference, an original glass
surface was subjected to the same experiment (solid triangles).

glass originally contains a certain level of alkaline oxide. (a) KrF excimer laser
According to the EPMA analysis for the alkali element (not irradiation
shown), the alkali concentration diminished in both thesTiO
micronetwork and the underlying Si@ich surface, indicat-

ing that the composition on the laser-irradiated surface
became closer to a T SiO;, binary system. From these
results, it can be said that the Ti@icronetwork was formed

as a result of the laser-induced phase separation intg- TiO
and SiQ-rich phases, followed by selective etching of the
SiO,-rich phase.

The formation of the micronetworks was remarkably
dependent on the laser fluence: at fluences higher than 0.8
J-cm2, the etch rate dramatically increased, and the etched
surface became smooth. The Raman spectrum of this smooth
surface was similar with that of the virgin glass surface
shown in Figure 2b, indicating no precipitation of the 7iO
crystalline phase. This might be because the micronetwork
is obliterated when the fluence is much higher than the
ablation threshold, leading to a smooth etched surface. INFigure 6. (a) Schematic of the setup used for laser microfabrication with
other words, we were able to control the morphology of the a mask-projection system. The mask was composed of an array of holes
etched surface and could prodce either afat surface o ondt a2 pofctd daneter o an o 2 e suace, ) Corfcal
modified with a TiG micronetwork. of a TiO, micronetwork was observed at the bottom of the.@0holes, as

For the purposes of studying the formation mechanism of seen in Figure 1a in the case of large-area irradiation.

the TiO, micronetwork, we investigated the dependence of ) )
the morphology on the number of laser pulses. Figure 4 pulse instantaneously raises the surface temperature, thereby

shows a series of confocal scanning laser microscopic imagesablating the constituents of the glass. Because alkali oxide

of a glass surface as a function of the number of laser pulsed'@S @ higher vapor pressure than 7&nd SiQ, the alkali
that were applied to it. Small bumps appeared after the first ©Xide tends to evaporate more easily, causing a compositional
pulse, which then grew into microcones with a diameter of Shift toward a TiQ—SiO, binary system at the etched
1—2 um and a height of ca. 0.8m after 20 pulses. The surface. According to the phase diagram reported for the
cones then started to converge, resulting in a,TiQtile) TiO,—SiO, system’® the |mm|30|b:)llty region has a:/wde
micronetwork with a height of &m after 200 pulses. This ~ 'ange from ca. 20 to 90 mass % Ti@bove 1780°C,
kind of structural evolution with accumulating laser pulses resulting in two liquids. Below this temperature, the system
is strongly analogous to the phase-separation textures'S coglposed of the rutile crystalline phase and a,Sich
prepared by rapid quenching of a HESIO, melt; with an melt!® In consequence, a larger fraction of the Si@@h
increase in the Ti@volume fraction, the texture changes
from binodal-type isolated particles to a spinodal-type (17) gfﬁtls%ﬁgia.sg.;ﬁgrlneshima, Y.; Okada, K.; YasumoriMater. Res.
. . . ull. , .
cont|_nuous struc_tur@. On _th_e basis of this analogy, one (18) Devries, R. C.. Roy, R.: Osbron, F. Frans. Br. Ceram. Sod.954
possible mechanism for this is as follows. A nanosecond laser 59, 525.
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phase evaporates during cooling, resulting in the formation Finally, we demonstrate the formation of a Ti@icro-

of TiO, bumps. As the number of laser pulses accumulates, network in the bottom of a 2@m hole array microfabricated

the TiO, bumps grow and begin to connect to each other, by KrF excimer laser irradiation with a mask-projection

resulting in the formation of the TiOmicronetwork. system, as shown in Figure 6a. Figure 6b shows a confocal
TiOz-based materials have been widely considered as thescanning laser microscopic image of an array of holes. A

most promising photocatalysts because of their excellent micronetwork was observed at the bottom of each hole,

photoreactivity, nontoxicity, and long-term stability. Using indicating that a flexible arrangement of Ti@icronetworks

our newly developed method, we are able to create, TiIO (applicable to the modification of microfluidics, for instance)

micronetworks directly on a UV-absorbing glass surface by can be achieved by utilizing this technique.

UV laser irradiation without the application of any heat

treatments and/or adhesives. To evaluate the photocatalytic Conclusions

performance of the thus-obtained Li@icronetworks, the

decomposition of methylene blue (MB) via Ti@nediated

photoreaction was studied, as shown in Figure 5a. Figure

5b shows the change in MB concentration as a function of

lamp exposure time. The solid circles denote the data in the

case of existence of T#Omicronetwork prepared by the

A TiO, micronetwork in the rutile crystalline phase was
fabricated via excimer laser irradiation of UV-absorbing
NaO—TiO,—SiO, glasses. A glass surface with the TiO
micronetwork exhibits a photocatalytic capability. An ar-
rangement of Ti@micronetworks in an array of 20m holes
irradiation of 200 KrF excimer laser pulses at 0:5rd-2 was also achieved by laser microfabrication with a mask-

projection system. Such flexible arrangements of photocata-

The solid triangles correspond to an original glass surfaceI e mi work <ing for th dificati f
without the laser treatment. Compared to the absence of gY/tiCc micronetworks seem promising for the modification o

change for the original glass, the laser-treated glass obviouslym_'tChrOdIe_V'r::t es \{[wtlh T'(?SUCht.a s for monolithic microfluidics
decreased the MB concentration, indicating that the laser-WIth & light-catalyzed reaction.
induced TiQ micronetwork exhibits a photocatalytic ability. = CM0518372



