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Well-defined microstructures of metal oxide, i.e., tin oxide (Yn@ere formed on a flexible polymer
substrate from an aqueous solution of tin chloride without the use of any chemical or physical etching.
First, through the chemical vapor deposition of tetraethoxysilane and subsequent photooxidation using
172 nm vacuume-ultraviolet (vacuum-UV) light, an extremely thin Si&@er about 1 nm thick, which
we call an “oxide nanoskin” (ONS), was formed on a polyimide (PI) substrate. Next, (heptadecafluoro-
1,1,2,2-tetrahydrodecyl)trimethoxysilane (FAS) molecules were chemisorbed onto this ONS-covered Pl
(ONS/PI) surface from the vapor phase. As a control, a hydrophilized PI substrate was also treated under
the same conditions. Both substrates were then photolithographically micropatterned using the same
vacuum-UV light. Finally, the fabricated micropatterns composed of hydrophobic FAS- and hydrophilic
SiOH-covered regions served respectively as chemically inert and active sites to provide a template for
the area-selective deposition of Spdm. Although the SnQfilm was initially deposited on the entire
substrate, the physisorbed film on the FAS-covered regions was easily eliminated from the surface by
sonication in absolute toluene, while that on the SiOH-covered regions remained tightly adhered to the
substrate surface. As confirmed by atomic force microscopy, square-shapgohiBnipatterns composed
of 25 x 25 um? features were formed on the micropatterned FAS/ONS/PI substrates. However, on the
substrate without the ONS layer, pattern resolution became significantly worse and elimination of the
physisorbed SnQon the FAS-covered regions was incomplete. The ONS interlayer was effective both
in forming a highly ordered FAS monolayer on the PI substrate and in obtaining excellent adhesion of
the SnQ film to the PI substrate. Furthermore, our process enabled us to control the thickness of the
SnQ microstructures within the range of a few hundreds nanometers to quarwithout distortion of
their fine patterns. The SnQOnicrostructures we obtained on the Pl substrates were free of cracks or
peeling even after thermal treatment and showed excellent mechanical properties.

1. Introduction To fabricate such flexible microdevices, the ability to

. L . microprocess metal oxides is of particular importance, since

Recently, the microfabrication of electronic components . o .

onto various material surfaces, particularly onto polymeric metal oxides are key materials in microelectronics such as
’ in highk insulator$ and phosphofsand in piezoelectrié,

surfaces, has been attracting more and more attention. Suc?erroelectricl,o and ferromagnetic elemerisUnfortunately,

_mlcrofabrlcated components are b?c"m'f‘g mcreasm_gly due to their extremely high chemical durability and physical
important as both substrates and dielectrics for practical o ; .
. o . : stability against electron beams and lasénmsietal oxides
electronic applications, such as in flexible flat panels and Iy ; . . ) S
are difficult to micropattern with typical microfabrication

wearable display’? radio frequency identification tags, : . . .
) . : . . . processes employing chemical or physical etching. Thus, the
electronic papetrand biomedical microdevicésjue to their . . :
microprocessing of metal oxides currently depends on

excellgnt proper’ue; including flexibility, “ght Welght,_ease photolithographic technology using resists. However, this
of design and coloring, low cost, and good impact resistance. . 4 : i i
technology is rather complicated since it consists of a

sequence of many processes. The development of an effective

* To whom correspondence should be addressed. Teleph6B8&:52-736-

7175. Fax: +81-52-736-7182. E-mail: a.hozumi@aist.go.jp. etchingless microfabrication method for metal oxides is
lflgf NIMS. therefore highly sought after.
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To overcome these obstacles, one promising strategy,expansion coefficients. Finally, with MTP using an aqueous
which we call “monolayer template patterning” (MT#¥),  media, pattern resolution generally becomes significantly
involves using micropatterned self-assembled monolayersworse with increasing immersion tirdésince the film grows
(SAMs) as masks or templates. This approach is based omot only on the predefined sites but also on undesired regions
the site-selective deposition of metal oxides at low temper- due to physisorptioft This has been the prime cause of
ature from an agqueous media containing a precursor, takingdifficulties using MPT to fabricate well-defined micropatterns
advantage of the great difference in chemical reactivity of metal oxides with a thickness of more tharutn. To
between the monolayer-covered and -uncovered regions.obtain clear-cut area selectivity, it has been necessary to
Using this method, the microprocessing of metal oxides strictly control the immersion time. In fact, one of the authors
including TiQ,,** ZnO * SITi0s,'® Fe04,16 Lay0s,t” TapOs,'8 has recently reported that the area selectivity of such
and Sn@"° has been demonstrated. Although this process microstructures could be maintained when the thickness was
seems to meet the demands for metal oxide microfabrication,controlled in the range of several nanometers to 10GHim.
results have not yet been demonstrated on polymeric To overcome these problems, an alternative method ap-
substrates for various reasons. When SAMs are directly plicable to plastic substrates, which does not require precise
fabricated on surface-activated polymer substrates, it isthickness control, has been strongly needed.
difficult for a well-ordered SAM to form, since the polar- In this article, we report on the fabrication of thick, clearly
functional groups formed on a polymer surface through defined metal oxide microstructures strongly adhered to a
surface modification methods using plasma or ultraviolet flexible polymer substrate, that is, polyimide (PI), through
(UV) light are generally inhomogeneous and randomly a modified MTP. Pl has been utilized mainly as a substrate
distributed. Such a heterogeneous surface cannot providefor printed circuit boards due to its high heat resistance,
adequate support for the preparation of a well-ordered SAM. mechanical strength, and insulating properiied.We se-
Disordered SAMs are considered unfavorable as chemicallected tin oxide (Sn¢) as a model metal oxide, since it has
templates for site-selective deposition. In addition, after a been widely used as a gas-sensing material for sensor array
relatively short time, such functional moieties lose their systems and as a transparent conducting film for solar
polarity, resulting in a decrease of surface activity on the cells?>-28 Prior to forming a SAM on the PI substrates, we
modified surface. Thus, it is difficult for covalent bonds to fabricated a silicon dioxide (Siplayer of molecular-scale
form between the metal oxide and the polymer surface, thickness, i.e., an “oxide nanoskin” (ON8)ONS-covered
resulting in weak adhesion. Due to these serious shortcom-polymer surfaces have been reported to be almost identical
ings, MTP cannot be directly applied to polymer substrates. to that of a Si substrate covered with native oxide @BiO
Furthermore, controlling thickness is crucial for the micro- Si).2° Accordingly, we expected that MTP could be similarly
processing of metal oxides based on MTP. It is common applied to an ONS-covered PI substrate. In this report, we
knowledge that the final performance of metal oxide films focus on the effects of such an ONS interlayer on SAM
depends on their thickness. To obtain the best performanceformation and on the adhesion properties of So®polymer
it is frequently necessary to fabricate an oxide film more substrates both with and without the interlayer. Furthermore,
than 1um thick. It would however be unfavorable to deposit we investigated the relation between the reaction time and
such a thick oxide film on polymeric materials, since the the obtained microstructures, including their thickness,
film would crack and/or peel due to the difference in thermal morphology, and spatial resolution. These are also compared
with SnQ, microstructures formed on Pl substrates without
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Figure 1. Schematic illustration of the microfabrication of metal oxide
film onto the PI substrate.

generated from an excimer lamp (Ushio Inc., UER20-172V

172 nm and 10 mW/ch). The dose rate was about 18 Jficiue

to this treatment, the Pl surface became completely hydrophilic
with its water-contact angle changing from about #¥l5° or less.
Next, tetraethoxysilane (TEOS; Si[Qs]4; Wako Pure Chemical
Industries, Ltd.) was adsorbed onto thgPRamples by chemical
vapor deposition (CVD; Figure 1b). Each sample was placed
together with a glass cup filled with 0.2 émMEOS into a 65 crh
Teflon container in a dry Natmosphere with less than 10% relative
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1 Torr at 86°C) as a precursé® The sample was treated at 150
°C for 3 h. To eliminate excess physisorbed FAS molecules, the
sample was sonicated in absolute toluene for 30 min (not shown
in Figure 1). As a control experiment, an FAS layer was also formed
directly onto P}, substrates under identical conditions. Next, each
sample was photolithographically micropatterned (Figure 1f). The
sample was irradiated with vacuum-UV light for 30 min at a residual
pressure of 10 Pa through a copper (Cu) mesh which square 25
25 um? holes contacting its surface. A 10 mm thick quartz glass
plate (Asahi Glass, synthetic silica glass AQX for XE7r2 nm
excimer lamp) served as a weight on top of the mesh in order to
attain satisfactory contact between the mesh and the sample surface.
The transparency of the quartz plate at 172 nm was about 90%.
The total light intensity at the surface was estimated to be about 9
mW/cre. The dose rate was about 16.2 JicRinally, each of the
patterned samples (Figure 1g) was immerse@d @tl M HCI
solution containing 0.05 mol/L of SnE€PH,O and kept at 63C

for 15—-65 h (not shown in Figure 1). The pH value of this solution
was about 1.2 and was kept constant during the reaction. After
immersion, the substrate (Figure 1h) was immediately washed with
Milli-Q water several times, blown dry with Ngas, and subse-
quently sonicated for 0-52.0 h in absolute toluene (Figure 1i).
We have referred to this technique as “solution lithograpghyrhis
resulted in the formation of a microstructured Srfilm (Figure

1j). Some of the samples were then heated at dor 3 h in
ambient air.

2.2. Characterization. The thickness of the ONS on the Rl
substrate was estimated from a cross-sectional image acquired by
high-resolution transmission electron microscopy (HR-TEM, Hi-
tachi, HF-2000). To reduce thermal damage to the sample, carbon
thin film was first deposited on the Pl substrate. The sample was
then cut normal to its surface using a focused ion beam (Hitachi,
FB-2000A) operated at 30 kV.

The static contact angles of three different liquids, i.e., water,
methylene iodide anah-decane, were measured on the sample
surfaces using a contact angle goniometer (Kyowa Interface Science,
CA-X). Following the CVD treatment, these measurements were
conducted on both FAS-covered samples without micropatterning.
All contact angles were determined by averaging values measured
at three different points on each sample’s surface.

The surface energy of each sample was calculated using the
following equation3?

7@+ cosbg) = 2[(ry D+ vy O+ MY (D)

humidity. The container was sealed with a cap and heated in anwherey, is the liquid’s surface energy artd, is its contact angle

oven maintained at 80C for 3 h. Next, as seen in Figure 1c, to
convert the chemisorbed TEOS molecules into an ultrathin silicon

on the solid surface. The superscripts d, p, and h indicate the
dispersion, polar, and hydrogen bonding forces, respectively. Since

oxide layer, that is, an ONS, each of the samples was againthe y., y 9 y.P, andy " values of the three liquids are knoftn

irradiated for 30 min in a manner similar to the Pl surface
modification performed in the first step. Details of our ONS
preparation method have been described elsevffiefe-ollowing
this, the ONS/PI substrate (Figure 1d) was chemically modified
with an organosilane monolayer, as illustrated in Figure 1e. In a
manner similar to the TEOS chemisorption in Figure 1b, an
organosilane layer terminated with chemically inert functional
groups, i.e., trifluorocarbon (Gfgroups, was formed on the ONS/
Plox surface by CVD using fluoroalkylsilane, that is, (heptadeca-
fluoro-1,1,2,2-tetrahydrodecyl)trimethoxysilane (FAS;3{CH]-
CH,CH,SI[OCHg]3, Shin-Etsu Chemical Co., Ltd.; vapor pressure,

(i.e., for water,y. = 72.8 mN/m,y. 4 = 29.1 mN/m,y.P = 1.3
mN/m, andy " = 42.4 mN/m; for methylene iodide; = 50.8
mN/m, v ¢ = 46.8 mN/m,y P = 4.0 mN/m, andy, " = 0 mN/m;
and forn-decaney = 23.9 mN/m,y ¢ = 23.9 mN/m,y. P = 0
mN/m, andy. " = 0 mN/m), the surface energyd) of the sample
was estimated to be the sum of the calculatédy, andyd values.

The &-potentials of the substrates were measured using an
electrophoretic light scattering spectrophotometer (ELS-600, Otsuka
Electronics). A quartz cell was used for measuring the electro-
phoretic mobility of polystyrene latex reference particles with an
average diameter of 520 nm. The cell was filled with an appropriate
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Y.; Kameyama, TSurf. Sci.2003 532—535 1056.
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amount of a solution of a certain pH containing the reference
particles. An electric field of 80 kV was supplied between two Pt
electrodes mounted at the both ends of the. e&ll mM KCI
solution was used as a supporting electrode with its pH value
arbitrarily adjusted over the range from 3 to 11 by adding HCI or
NaOH. The&-potential was estimated from the average of 10 value
measurements. Th&potential error was about5 mV.

The micropatterns formed on the FAS/ONS/RInd FAS/P,
substrates were observed at room temperature in ambient air by an
atomic force microscope (AFM; Seiko Instruments Inc., SPA-
300HV + SPI-3800N) in lateral force microscopic (LFM) mode
using a Si probe (Seiko Instruments Inc., Cantilever; force constant
= 0.12 N/m) covered with a native oxide layer. In addition, the
surface topography of the deposits was acquired by the same AFM
system in dynamic force microscopic (DFM) mode using another
Si probe (Seiko Instruments Inc., Cantilever; force constaib
N/m) with a response frequency of 1 kHz. The scans were
conducted at room temperature at 6:0L0¢ Pa.

Some of the samples were studied by X-ray photoelectron Figure 2. Cross-sectional HR-TEM image of an ONS on a Pl substrate.

spectroscopy (_XPS; Shima_ldz_u, ESCA3400) using Mg (& = Table 1. Dispersive ¢), Polar (y<?), and Hydrogen-Bonding ¢<")
1253.6 eV) radiation. The binding energy (BE) scale was calibrated Components of the Surface Energys) for FAS/ONS/Ploy, FAS/
to provide Au4{, = 83.9 eV and Cu2yp, = 932.8 eV. The X-ray Plox, and FAS/SIQ/Si Substrated
source was operated at 10 mA and 12 kV. The core-level signals FAS/ONS/Pjy FAS/PLy FAS/SIO/Si
were obtained at a photoelectron take_off_ angle 6f®adth respect Contact Angle (deg)
to the sample surface). Data acquisition and processing were \ater 115 107 115
performed with a SUN Microsystems ULTRA 5 computer, using  methylene iodide 92.3 74.0 95.7
the VISION 2.0 processing package. The BE scales were referenced n-decane 64.6 60.9 66.3
to 285.0 eV as determined by the locations of the maximum peaks Surface Energy (mN/m)
on the C1s spectra of hydrocarbon ({Hassociated with adventi- rd 12.2 13.2 11.7
tious contamination. The accuracy of the BE determined with 7’{ 81 3462 gi
respect to this standard value was withi0.3 eV. Ve ' ) '

The crystal structure of the deposits before and after annealing °ys 124 274 11.9
was characterized by thin-film X-ray diffraction (XRD, MPX aAll data were estimated from the static contact angles of water,
MAC Science, Japan) with an incident angle 6fusing Cu kux methylene iodide, and-decane on each substrate surfdcg, =y + v

radiation with both a Ni filter and a graphite monochromator. +
Scanning speed was/inin over the range from 5 to 60 .
As a result of the CVD treatment using the FAS precursor,

Adhesion strength of the patterned film was evaluated on the .
basis of a standard 3M Scotch-tape peeling test (Scotch tape no.bOth the ONS/Rk and Piy substrates (the latter serving as

234; adhesive strength to steel 37 0z/in.). The microstructured film & control substrate) became hydrophobic. The resulting water-
was firmly covered with the tape, and then the tape was quickly contact angles of the FAS/ONS{Rand FAS/Px substrates

removed. The line edge acuity of the film was estimated in the were about 115 and 107respectively, after removal of

same manner as described in ref 13c. excessive physisorbed FAS molecules. This marked differ-
ence in the final water-contact angles observed between the
3. Results and Discussion FAS/ONS/P}, and FAS/PJ, substrates was probably due

to the difference in the density of the FAS molecules on the
, two substrate surfaces. As shown in Table 1,jthealue of
the FAS/ONS/PYJ substrate (12.4 mN/m) was almost con-
sistent with that of a FAS/Sig5i substrate (11.9 mN/m),
and approximately one-half of that obtained for the FAS/
Plox substrate (27.4 mN/m). As one of the authors has re-
ported previously, chemisorbed FAS molecules on &/Si0
substrate formed a 1.1 nm thick SAM in which the molecules
were highly oriented with their GRerminal groups aligned
toward the outer surfac8.Thus, in the case of our FAS/
ONS/Plx sample, a highly oriented FAS-SAM is expected
to have grown similarly on the ONS/RIsubstrate. On the

ther hand, in the case of the,RPsubstrate, the density of

3.1. Formation of the FAS Layer. A typical cross-
sectional HR-TEM image of a vacuum-UV-irradiated TEOS,
Plox substrate is shown in Figure 2. As clearly indicated by
the arrows, an extremely thin layer was found to have been
formed on the R) substrate. The actual thickness of this
layer was estimated from this image to be only 1 nm or less.
As confirmed by XPS, the BE of the Si2p spectrum for this
vacuum-UV-irradiated TEOS/RI substrate was located at
103.6 eV, the value of which is consistent with that of a Si
substrate covered with native oxide ($i8), 103.6 eV)®
Therefore, an ONS undoubtedly formed on thg Blibstrate,
similar to those formed on polystyrene or poly(methyl

methacrylate) substrates, as previously reported by one o .

the authyor§§231 Due to this pONS cogting;) the Sl)jrface the FAS molecules attached to the,Rlurface was consujer-

chemical properties of the PI substrate were expected to beably Igwer than that of the other substrates. In particular,

the same as those of SiSi substrate3! the y&” value of the FAS/R) substrate (14.2 mN/m) was
much larger than those of the FAS/ONS/RI0.1 mN/m)

(35) Ouyang, M.; Yuan, C.; Muisener, R. J.; Boulares, A.; Koberstein, T. and FAS/Si@/Si substrates (0.1 mN/m). This clearly dem-

Chem. Mater200Q 12, 1591. onstrates that the RlIsurface underneath the FAS layer was
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force contrast on the vacuum-UV-irradiated regions was thus
greater than that on the FAS-covered surface. However,
compared to the image in Figure 3a, the friction force contrast
in Figure 3b was relatively small. Moreover, several bright
(hydrophilic) areas were observed even in unirradiated
regions, as indicated by the circles. These are believed to
have originated from incomplete termination with FAS
molecules on the Rlsubstrate surface. As mentioned above,
since the density of the FAS molecules is considered to have
been low, a very small part of the hydrophilic,P$urface
was probably exposed to air. In addition, the water-contact
angle of the FAS/R} surface was smaller than that of the
FAS/ONS/PJy surface, indicating that the degree of coverage
by FAS molecules on the former surface was lower than
that on the lattef? Thus, it can be concluded that the FAS
coverage on the Rl surface was probably lower than that
on the ONS/RJ surface.

3.3. Formation of Microstructured Metal Oxide Film.
Employing samples identical to those shown in Figure 3,
we micropatterned metal oxide films. Although thin film
initially formed uniformly over the entire surface of the
samples, the physisorbed deposits on the FAS-covered
Figure 3. LFM images of micropatterned FAS template surfaces formed regions, that is, the masked regions, were readily eliminated
on () ONS/Pth and %b) Pax SUbStfatehS bdeaTC#Uf“_-rUIV if_f:‘féiaion f%fr_3gtl by solution lithography with absolute toluene. Thin-film
2:)'Eﬁsigdpgéarsoggsefvgngﬁrt&eéAgfédver:dCr'e‘;%sn's_ Show brightly ¥ RD of the deposited film detected three broad peak®at 2

= 26.6", 33.9, and 51.8 corresponding respectively to the
probably exposed to air to some extent. It can be concluded(100), (101), and (211) planes of the cassiterite phase (JCPDS
that the degree of surface coverage by the FAS molecules41-1445). This XRD pattern indicates that the film was
differed greatly between the ONS{Rhnd P}y substrates. composed of a single cassiterite phase without a secondary
We will discuss this in more detail below. phase of SnO. The stoichiometry of the deposited,Sihid

3.2. Vacuum UV—Photopatterning of the FAS Layer. was estimated by XPS to be in the range ok2x < 3.

To fabricate a microtemplate for the area-selective deposition Typical optical micrographs of the Sp@ms deposited on
of SnQ film, the FAS/ONS/P) and FAS/PJ substrates  both the micropatterned FAS/ONS{Pand FAS/Pi sub-
were photolithographically micropatterned. Information on strates (deposition time of 24 h; sonication time of 2 h) are
the chemical properties for both sample surfaces wasshown in Figure 4a,b, respectively. As can be seen in Figure
obtained by LFM, as shown in Figure 3. The bright and dark 4a, SnQ deposits with continuous filmlike features remained
areas in these images correspond to the photoirradiated an@n the photoirradiated regions, while the surrounding regions,
mesh-masked regions, respectively. As can be seen, squarehich had not been photoirradiated and were thus FAS-
microstructures of 2 25um? were clearly imaged through  covered, were free of deposits. To investigate the adherent
the friction force contrast between the vacuum-UV-irradiated properties of the microfabricated Sp@ms on the photo-
and masked regions. The photoirradiated regions exhibitedirradiated regions, we performed a 3M Scotch-tape peeling
stronger friction force than the unirradiated FAS-covered test. The micropatterned Sp@ims did not peel off with
regions. Due to the vacuum-UV irradiation, the FAS-SAM the tape, and their resolution remained almost intact even
was decomposed and removed through the dissociativeafter the test as evidenced by AFM (image not shown). These
excitation of its organic components and subsequent oxida-results clearly indicate that the deposits grown on the

tion with vacuum-UV-activated oxygen speciésin the vacuum-UV-irradiated regions stayed tightly fixed to the
vacuum-UV-irradiated regions, the bottom part of the FAS surface, while the deposits on the FAS-covered regions had
layer, which consisted of a 0:2.27 nm thick Si@ mono- been completely eliminated. On the other hand, no micro-
layer, remained on the substrate surfaciie to vacuum-  Structured features could be seen on the micropatterned FAS/
UV cleavage of the SiC linkage in the molecule®. This Plox substrate shown in Figure 4b. Both sample surfaces were

vacuum-UV-irradiated FAS surface was highly hydrophilic observed in detail by DFM. As clearly seen in the DFM
with a water-contact angle of ®r less and therefore adhered image in Figure 4c, highly resolved micropatterns composed
more strongly to the Si probe surface, which was also of SnQ film grew site-selectively on the photoirradiated
covered with a hydrophilic native SiQayer. The friction regions of the micropatterned FAS/ONS/P$ubstrate. In
contrast, it was difficult to achieve clear micropatterns on
(36) Sugimura, H.; Ushiyama, K.; Hozumi, A.; Takai, Cangmuir200Q the FAS/PI, substrate, as shown by Figure 4d. This sample
16, 885. had been treated in absolute toluene for 30 min. As can be

(37) Brunner, H.; Vallant, T.; Mayer, U.; Hoffman, H.angmuir 1996 . . .
12, 4614. clearly seen, the Sn@emained deposited relatively evenly

(38) Dulcey, C. S.; Georger, J. H.; Krauthamer, J. V.; Stenger, D. A.; Fare,
T. L.; Calvert, J. M.;Sciencel991252 551. (39) Choi, S.-H.; Newby, B. ZLangmuir2003 19, 1419.
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Figure 5. Comparison of-potentials as a function of pH for an irradiated-

FAS/ONS/P}x substrate (open circles), an irradiated-FAS{Bubstrate
(solid circles), and a SigSi substrate (solid triangles).

was estimated to be at pH 2.0. It is noteworthy that the
Z-potential vs pH curves for the vacuum-UV-irradiated FAS/
ONS/Plx and SiQ/Si substrates are nearly identical in shape

: o and magnitude over the entire pH range. Thus, we concluded
i) :'”n'l : 2 Sp.ln‘ that th_e vacuum-L_JV-irradiaFed_ FAS/ONSJPJ;_urface showed

- chemical properties very similar to the SiSi substrate and
Figure 4. Opti(fjiasl mi(_ilfogff%phs (adand b) a(;?g DF'\t/l if%a?est (c f;nd dl) of that the oxide layers (i.e., Sinonolayer and ONS) had
gqr:"dmcsilﬁgyvres“or}%rzeiorgftfg on o deten: subs PASIONSPI  covered the P substrate almost completely. On the other
substrate, while b and d show Spfim deposited on a microstructured ~ hand, the vacuum-UV-irradiated FAS{pP$urface was found
FAS/Ply substrate. Both films were obtained bﬁ/i["gﬂrgﬁ%tig Stagp'es to be 15-39% less charged than the vacuum-UV-irradiated
gosr °2(?. /r;lllr;n}a’g\;/lesH S/Iefglzggﬂirce?jn;af"lglrnsgogi'g:ti?nowith absolzute toFuene for FAS/_ ONS/Péx and SiG/Si substrates. In addition, the I_EP
2 h (a—c) or 30 min (d). of this sample, observed to be around pH 3.5, was higher

than those of the vacuum-UV-irradiated FAS/ONS/Rhd

on the FAS-covered regions, and there was marked distortionSiO,/Si substrates. This clearly indicates that the FAS
of the deposits on the vacuum-UV-irradiated regions. When molecules insufficiently covered the Rkurface. Since, as
sonication was prolonged up 2 h (image not shown), the  mentioned above, the density of the FAS monolayer on the
micropattern became hardly recognizable by DFM. However, Pl surface was considerably lower, the molecules at the
residual deposits were observed over the entire samplebottom of the FAS comprising the SiOGnonolayer were
surface, indicating that they still remained not only on the loosely packed. This marked difference in surface properties
vacuum-UV-irradiated regions, but also on the FAS-covered must account for both the final morphology and the adhesion
regions. This clearly reveals that the FAS-covered regions properties of the deposits on the vacuum-UV-irradiated
did not effectively serve as a mask to prevent $nO regions.
deposition. Moreover, adhesion of the deposits to the As aresult of hydrolysis, the Sn{drecursors formed fine
vacuum-UV-irradiated regions was insufficient. We believe particles in the solution with a chemical composition of
that this significant difference between the samples in the SNG_y,-y2(OH)CI,.?? These particles readily anchored to
features of the final pattern must be related to the density of the irradiated-FAS on the ONS interlayer through a covalent
the FAS molecules on both surfaces. We therefore investi- bond (i.e., a SAO—Si bond) formed by the dehydration
gated the surface chemical properties at the vacuum-UV-reaction between the hydroxyl groups of the partially
irradiated and unirradiated regions on both samples. How- hydrolyzed Sn precursors (S®©H) and silanol (Si-OH)
ever, since it was difficult to determine the actual surface groups on the Si@monolayer? Since the surface properties
properties of the vacuum-UV-irradiated and unirradiated of the vacuum-UV-irradiated regions on the micropatterned
regions selectively, we characterized both FAS/ONgA#id FAS/ONS/P}, substrate were found to be almost identical
FAS/PLx substrates before and after vacuum-UV irradiation to those of the SigSi substrate, as shown in Figure 5, the
without micropatterning. SnQ deposits on these regions were strongly attached to

Figure 5 shows the variation in thigpotential with the the surface through the S®©—Si bonds. Thus, these deposits
pH for vacuum-UV-irradiated FAS/ONS/ Rland FAS/P, kept their fine microstructures even after sonication for 2 h.
substrates (indicated by the open and solid circles, respecdn contrast, in the case of Rlsubstrate, since the SiO
tively). As a control experiment, observations of a &) monolayer insufficiently covered the vacuum-UV-irradiated
substrate were also performed in the same manner (indicatedegions, adhesion between the deposits and the 18io-
by the solid triangles). Over the range from pH 3 to 11, the layer surface was incomplete, resulting in their incomplete
SiO,/Si surface showed negatiZepotentials from ca—22 elimination.
to —82 mV due to the partial ionization of surface silanol Itis crucial to elucidate the properties of the FAS-covered
(Si—OH) groups*® The isoelectric point (IEP) of this surface  surfaces, since they also affect the elimination efficiency of

(40) Hozumi, A.; Sugimura, H.; Yokogawa, Y.; Kameyama, T.; Takai, O. (41) Gawalt, E. S.; Avaltroni, M. J.; Koch, N.; Schwartz| &ngmuir2001,
J. Colloid. Interface Sci2001, 182 257. 17, 5736.
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Figure 6. XPS spectra of (a) ONS/Rland (b) FAS/ONS/Rk substrates

covered with SnQfilm after sonication fo 2 h in absolute toluene. The
film deposition time was 65 h for each sample.

Shirahata and Hozumi

was inferior to that of the FAS on the ONS{Psubstrate,
resulting in incomplete elimination of the deposits from the
FAS-covered surface even after sonication. This is also
supported by our surface energy data and LFM images
described above.

Finally, we investigated the influence of the reaction time
on the thickness, area selectivity, and resolution of the,SnO
films on the micropatterned FAS/ONS/REubstrates.

Parts a and b of Figure 7 show DFM images of micro-
structured Sn¢X¥ilms prepared for 15 and 65 h, respectively.
As can be seen, well-defined microstructures composed of
25 x 25 um? square-shaped features were clearly imaged
for both samples. It is noteworthy that by varying the reaction
time the thickness of the patterned Siidn was controllable
over the range of tens of nanometers to oveni Although
the thickness of the sample shown in Figure 7b was more
than 1um, no cracks or exfoliation were detectable. Indeed,
as can be seen in Figure 8, the sample consisting of
micropatterned (identical to Figure 7b) and unmicropatterned
regions appeared to have excellent mechanical flexibility
even after thermal treatment. Furthermore, the DFM images

the deposits by sonication. When the deposits on the FAS/in Figure 7 demonstrate that while the thickness of the,SnO

ONS/PLy substrate were sonicatedrf@ h in toluene, the
root-mean-square roughnes$s.f) and water-contact angle
of the surface changed from 86.2 nm and 52 1.78 nm
and 118, respectively, which are consistent with those of
the initial FAS/ONS/PJ, surface Rms = 1.86 nm and water-
contact angle of 11%. Thus, physisorbed Sn@eposits are

film varied greatly according to the reaction time, its area
selectivity was less dependent. This is a clear advantage
offered by our process, since the site selectivity of deposits
on a micropatterned template have generally become worse
with an increase in immersion time due to physisorption of
deposits on undesired ared4! To obtain the best possible

considered to have been removed by the sonication. This isarea selectivity, various film growth conditions, including

also supported by our XPS results shown in Figure 6.

Comparing the spectra of the ONS/Pand the FAS/ONS/

reaction time, temperature, concentration, and surrounding
atmosphere, have been precisely reguldtétbwever, since

Plox substrates, indicated by a and b, respectively, the peaksour technique enables the complete elimination of undesired
referring to both Sn3d and Sn4d disappeared completely fromdeposits, a relatively thick micropatterned Srm with

the FAS/ONS/RY substrate spectrum after sonication. We
therefore conclude that the FAS/ONS/Phreas served
effectively as a mask to prevent the immobilization of $nO
through the SrO—Si covalent linkage mentioned above,
although SnQdeposits initially physisorbed onto the surface.
On the contrary, in the case of the,Psubstrate, since the

excellent site selectivity can be fabricated without the need
for any additional precise reaction control. Moreover, the
edge features of our patterned films were relatively sharp.
For precise evaluation, we estimated the variation in the
nominal pattern width based on the method described in ref
13c. By employing the two-dimensional AFM image of the

FAS molecules were packed loosely, their masking ability microppattern shown in Figure 4c, we measured the pattern

Figure 7. DFM images and their corresponding cross-sectional images of microfabricatedilérOwith different thicknesses on an ONSPsubstrate
covered with an FAS template. Film depositions were conducted &E66r (a) 15 or (b) 65 h in a 1 M HC$olution containing 0.05 mol/L Sng&PH,0.

The sonication time for both samples was 2 h.
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ments, the surface acidity of the vacuum-UV-irradiated FAS/
ONS/Plx sample was identical to that of the SIS
substrate. Consequently, in the case of the micropatterned
FAS/ONS/P}y substrate, the Sndfilm deposited on the
vacuum-UV-irradiated regions, i.e., the SiOH surface, ad-
hered very strongly to the surface through-8—Sn bonds,
while the deposits on the unirradiated regions, i.e., the FAS-
SAM-covered surface, were completely removed by soni-
cation, as confirmed by XPS. In contrast, it was difficult to
achieve well-shaped Sp@icrostructures on the micropat-
terned FAS/R) substrate without the ONS interlayer, due
to insufficient surface coverage by FAS molecules. Filmlike
Figure 8. Photograph of a sample identical to Figure 7b, demonstrating features still remained on the FAS-covered regions even after
Sv);csegeegtté?ie;thggécca!‘glreglallﬁ)r/\c?gregn?tf;eemh;:.mal treatment. The sample ¢,nication. Thel-potential measurements clearly demon-
strated that the vacuum-UV-irradiated regions of the FAS/
width at 15 equally spaced points on each square pattern inPl, substrate were insufficiently covered with SiOH groups.
the image. The average width of each square pattern in thisThus, the SnQfilm deposited on the vacuum-UV-irradiated
image is about 24.2m. The pattern edge roughness, as regions was mostly exfoliated due to sonication. Conse-
measured by the standard variation of the line width, is about quently, pattern resolution and morphology were significantly
1.2um. Thus, the variation in the nominal pattern width was worse compared to those for the micropatterned FAS/ONS/
calculated to be about 5% (i.e., 1.2/242.00), which meets  Plyx Substrate. Our experimental results offer clear proof that
the specifications demanded for current electronics dédign. the ONS interlayer on the PI surface was crucial for both
These results demonstrate that, by our technique presentethe formation of the FAS-SAM and the microfabrication of
here, we were able to fabricate well-defined micropatterned a metal oxide film on the polymer substrate.
SnQ, film over 1 um in thickness on a polymer substrate Our technique, demonstrated here, offers a further advan-

without either cracking or peeling. tage in that by selecting an appropriate deposition time the
microstructures’ thickness can be freely controlled over the
4. Conclusion range of several tens of nanometers to ovemi without

any marked change in either morphology or resolution. This

is in marked contrast to previous results obtained with liquid-
phase processes, where the target materials generally depos-
ited not only on the predefined regions but also on undesired
regions with increasing immersion time, resulting in de-
fcreased pattern resolutiéh?! In such cases, film thickness
had to be strictly regulated to ensure area selectivity.

surface (vacuum-UV-irradiated regions), and the other with However, o_ur_sol_utlon Ilthography technique aI_Iows the
complete elimination of the physisorbed deposits on the

a hydrophobic surface covered with FAS molecules (unir- undesired regions. Thus, precise thickness control is not

radiated regions). This micropattern was used as a template : :
for the microfabrication of Sngfilm, in which the SiOH- absolutely. necessary. Moreover, despite having greater

) . thickness, that is, more thanm, our resulting samples
and FAS-covered surfaces served respectively as chemicall :
: . . i ere free of cracks or peeling even after thermal treatment
active and inert sites for SpQ@eposition. Although SnO : .
: L . . and showed excellent mechanical properties.
film was initially deposited over the entire sample surface, . ! . .
. . - By selecting an appropriate precursor solution, our mi-
the deposits on the FAS-covered regions could be eliminated o .
. L crofabrication method demonstrated here can be applied to
selectively by sonication in absolute toluene. As a result,

) ; various metal oxides other than Sp@hus, we believe our
well-defined micropatterns of Sp@im composed of 25« hni b dil d widel licabl h d
25 um? square-shaped features were formed on the Plt.eC nique to be readily and wi ely appiica e to the produc-

H , tion of novel polymer-based flexible microsensors and other
substrates. However, we found that the final morphology and devices using metal oxides
pattern resolution of the SnQmicrostructures depended '

significantly on the quality of the FAS layer. When the,Pl Acknowledgment. The authors would like to express their
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We have developed an etchingless technique for the
fabrication of metal oxide, i.e., SpOmicrostructures on a
flexible polymer substrate from an aqueous solution of tin
chloride. A micropatterned FAS layer was photolithographi-
cally prepared on PI substrates both with and without an
ONS interlayer to create a substrate surface composed o
two distinct types of regions: one with a hydrophilic SIOH



