Pressureless nanoimprinting of anatase TiO2 precursor films
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A soft-imprint method for obtaining anatase TiO2 nanostructures is reported. The method is de facto
pressureless and is performed without the need for dedicated imprint equipment. A titanium
butoxide-based sol precursor is prepared with a heavy alcohol, methoxy ethanol, as a solvent. The
use of an incompletely cross-linked very soft polydimethylsiloxane mold is found to be crucial for
obtaining large-area high-quality imprints. The authors discuss quantitatively the observed
substrate-constrained shrinkage of pillars and lines 共ridges兲 during annealing. © 2011 American
Vacuum Society. 关DOI: 10.1116/1.3562955兴

I. INTRODUCTION
Thermal embossing or nanoimprinting of ceramic precursor materials has attracted the interest of researchers and
technologists for several decades1–19 because of the inherent
advantages of directly nanopatterning and micropatterning
functional films without additional steps of ion etching and
lithography-resist removal.18 In photonics applications, for
example, nanoscale patterning allows for the control of light
propagation through thin-film structures. Titanium dioxide
共TiO2兲 is, in this regard, a particularly attractive material
because of its transparency and high index of
refraction.10,11,16 One such example from the literature is a
patterned matrix for distributed-feedback quantum-dot
lasers;10 another proposed use is as dielectric cladding for
diffractive back reflectors for thin-film solar cells.19 Other
applications may include waveguides with integrated grating
couplers, photocatalytic surfaces, and sensing devices.11
Sundar et al. successfully patterned TiO2 prepolymer films
prepared with an ethanolic solution of titanium butoxide
共Ti共OBu兲4兲 by embossing with an elastomeric polydimethylsiloxane 共PDMS兲 mold.10 A similar chemistry was recently
employed by Yoon et al., who demonstrated the patterning of
small pillars.16 This previous work, however, had the disadvantage of requiring pressure during imprinting, which in the
case of soft PDMS molds can easily distort mold features.
Also, the inherent shrinkage of sol-based precursor materials
led to pattern features with relatively small aspect ratios.16
Here, we present a significantly improved method that employs de facto pressureless nanoimprinting with very soft
PDMS molds and partially hydrolyzed prepolymer precursor
films. This method is enabled by the use of a heavy alcohol
as precursor solvent, which produces homogeneously thick
a兲
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yet sufficiently compliant films, and the use of partially heatcured PDMS imprint molds, which afford the application of
negligible pressure during imprinting, thus avoiding distortion of the PDMS mold features. We demonstrate areas up to
5.5 cm2 that are imprinted approximately 80% without major defects. Volumetric material shrinkage causes height
shrinkage for the pillar structures of 56%—a smaller degree
of shrinkage than reported in the literature for a comparable
precursor material 共68% shrinkage兲.16 The annealed film material is identified through x-ray diffraction 共XRD兲 as anatase
TiO2. The optical constants are characterized by ellipsometry, which reveals very low absorption and an index of refraction of only less than 10% smaller than that of the dense
bulk material.
II. EXPERIMENT
A. TiO2 precursor solution

The 1M TiO2 precursor solution is prepared following the
recipe published by Yoon et al.,16 with two important
changes: both Ti共OBu兲4 and amine concentrations are
doubled and ethanol is substituted for a heavier alcohol,
2-methoxyethanol. First, 6.81 ml of Ti共OBu兲4 共97%, Aldrich兲
is mixed with 1.92 ml of diethanolamine 共99%, SigmaAldrich兲 and 9.09 ml of 2-methoxyethanol 共JT-Baker兲 in a
dry box with a relative humidity ⬍30%. The solution is then
stirred in a capped vial for 2 h at room temperature. Finally,
a mixture of 0.18 ml of de-ionized water and 2 ml of
2-methoxyethanol is added to the first solution dropwise
while stirring. This solution can last up to 2 weeks without
significant precipitation.
B. PDMS mold

We use soft PDMS imprint molds, fabricated by casting
against a silicon master mold.18,20 The master molds were
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FIG. 1. SEM micrographs of nanoimprinted TiO2 pillar arrays and corresponding Si master molds, as labeled, for three different patterns defined by
the grating periods: 500, 600, and 700 nm. All 0° and all 88° images have
the same respective magnifications.

FIG. 2. SEM micrographs of nanoimprinted TiO2 line gratings and corresponding Si master molds, as labeled, for three different line gratings, defined by the grating periods: 500, 600, and 700 nm. All 0° and all 88°
images have the same respective magnifications.

custom fabricated by Lightsmyth Technologies and consist of
nine fields, each 8 ⫻ 8 mm2 large and each with a different
pattern: hexagonal pillar arrays, square pillar arrays, and line
gratings, each with periods of 500, 600, and 700 nm. The
periods chosen are well matched to solar-photonic
applications.19 Laser applications for visible light require
slightly smaller periods 共300–350 nm range兲,10 but we believe our method is easily extendable to this range. The surface of the silicon master mold is first functionalized with
fluorosilane using standard methods.18 The silicon mold is
then placed pattern up in an aluminum foil dish and covered
with PDMS 共Sylgard 184, Dow Corning Corporation, Midland, MI, 1:10 curing agent to prepolymer weight ratio兲. After degassing in a vacuum desiccator for 30 min, the foil dish
is placed in an oven at 80 ° C for 30 min to cross-link the
PDMS. The material is deliberately cured at lower temperature and for a shorter duration than the 100 ° C and 45 min
recommended by Dow Corning in order to obtain a markedly
softer material. Then the foil is peeled from the PDMS, the
Si mold is carefully cut away using a razor blade, and all of
the excess PDMS surrounding the mold is removed. The
PDMS molds are used for imprinting within 2 h after curing
to prevent further hardening of the PDMS.

relatively short duration of spin coating allows for an adequate amount of solvent to remain in the precursor film, yet
it is sufficiently long to produce a very homogeneous film
thickness. Immediately after the substrate stops spinning, the
PDMS mold is pressed to the wafer surface by hand with
gentle, even pressure, which is applied for about 1 s. With
the PDMS mold sticking to the film, the substrate is placed
to an annealing furnace and heated for 10 min at 100 ° C in
air. The PDMS mold is carefully peeled off the film, revealing a strong diffraction grating visible to the eye. The film is
then annealed for 15 min at 400 ° C in air with a slow temperature ramp of 10 ° C / min. To remove any remaining organic material, the film is finally annealed for 1 h at 500 ° C
in air 共80 ° C / min temperature ramp兲.

C. Nanoimprint routine and annealing

A silicon-wafer substrate is first plasma cleaned as described earlier.18 1 ml of TiO2 precursor solution is deposited
through a syringe filter 共Whatman, polytetrafluoroethylene,
0.45 m pore size兲 onto the substrate and spin coated at
6000 rpm for 1 s with an acceleration of 9000 rpm/s. The
spin speed is then decelerated to 0 rpm within 1.5 s. The
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D. Characterization methods

Imprint and Si master topographies are imaged with
scanning-electron microscopy 共SEM兲 using an FEI Sirion
microscope with 5 kV acceleration voltage and through-lens
detector. 5-nm-thick AuPd alloy films are sputter coated onto
TiO2 samples prior to SEM imaging. XRD is performed in
-2 geometry using a Bruker F8 focus powder XRD tool,
operating with Cu K␣ radiation. Optical film constants are
measured with a Woollam M-2000 spectroscopic ellipsometer.
III. RESULTS AND DISCUSSION
Figures 1 and 2 show imprinted hexagonal pillar arrays
and line gratings, respectively, with periods of 500, 600, and
700 nm, alongside the silicon masters used as templates for
the PDMS imprint molds. We find that up to approximately
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TABLE I. Feature dimensions of imprinted TiO2 and Si master molds in Figs. 1 and 2. Residual layer thickness refers to the thickness of the continuous film
underneath the imprinted structures. Height refers to pillar height and groove depth, measured from the top interface of the residual layer. Volume refers to the
pillar volume 共nm3兲 for pillars and the cross-sectional grating-ridge area 共nm2兲 for lines. Pillar volume is calculated with the model of a truncated cone; line
volume is calculated with the model of a trapezoid. The height 共volume兲 shrinkage factor f z共f兲 is defined as TiO2 height /Si height 共TiO2 volume/Si volume兲.
Pattern/period
共nm兲
Pillars/500
Pillars/600
Pillars/700
Lines/500
Lines/600
Lines/700

TiO2 residual layer thickness
共nm兲

TiO2 height
共nm兲

TiO2 volume
共nm3 / nm2兲

Si height
共nm兲

Si volume
共nm3 / nm2兲

fz

f

85⫾ 2
82⫾ 2
100⫾ 3
65⫾ 3
30⫾ 3
44⫾ 4

175⫾ 2
168⫾ 2
170⫾ 5
90⫾ 3
125⫾ 5
105⫾ 5

1.3⫾ 0.1⫻ 106
2.4⫾ 0.2⫻ 106
4.3⫾ 0.5⫻ 106
1.2⫾ 0.2⫻ 104
1.9⫾ 0.2⫻ 104
2.0⫾ 0.2⫻ 104

400⫾ 3
380⫾ 3
385⫾ 3
370⫾ 5
353⫾ 5
353⫾ 5

8.5⫾ 0.5⫻ 106
1.9⫾ 0.1⫻ 107
3.1⫾ 0.1⫻ 107
1.0⫾ 0.1⫻ 105
1.2⫾ 0.1⫻ 105
1.4⫾ 0.1⫻ 105

0.44
0.44
0.44
0.24
0.35
0.30

0.15
0.13
0.14
0.12
0.16
0.14

80% of a total patterned area of 5.5 cm2 is imprinted without
visible defects, with exception of the 500 nm period line
gratings, which show cracks running along the grating direction after annealing 共Fig. 2兲. The remaining approximately
20% of the area shows incomplete pattern transfer 共shallow
grating depth and weak diffraction colors兲, which may be
caused by inhomogeneous pressure distribution during the
manual imprinting process. The defect area was not correlated with a certain pattern type or period. The pressure during the first 1 s of the imprinting process, during which the
PDMS is pressed onto the precursor film, is approximately
0.02 MPa 共3 psi兲. This low pressure avoids macroscopic distortion of the PDMS, and it is more than 20 times lower than
the pressure of 5 atm 共0.5 MPa or 73 psi兲 reported by Yoon
et al.16 Both solvent content and thickness of the spin-coated
precursor film are identified as important parameters for obtaining high-quality imprints. If the solvent content is not
sufficiently high, the precursor film material is not compliant
enough for optimum pattern transfer. If the film is too thick,
material shrinkage during annealing leads to film cracking
and/or delaminating. Both solvent content and film thickness
are controlled through TiO2 precursor concentration, solvent
type, maximum speed, and duration of spin coating. We find
that a short spin coating step at high speed and a high precursor concentration, as detailed in Sec. II, give the best
results. Another important parameter for obtaining highquality imprint results is the compliance of the PDMS mold,
with optimum results obtained from very soft PMDS that
was cured for only 30 min, as described above. If PDMS was
cured at higher temperature and for longer duration, the material was harder and a much higher pressure was needed to
imprint a significant area; this, in turn, led to the distortion of
grating patterns.
The side-view images 共88° viewing angle兲 of the imprinted TiO2 structures and corresponding Si master molds in
Figs. 1 and 2, all of which are shown on the same scale,
reveal a significant reduction in imprint feature sizes. Table I
shows the results of a quantitative examination of the feature
dimensions. Throughout this paper we characterize shrinkage
in terms of shrinkage factors 共the final height, width, or volume relative to the initial height, width, or volume兲, which
makes the comparison of linear and volumetric shrinkage
mathematically easier and more straightforward than with
conventional definition for shrinkage. We were not able to
JVST B - Microelectronics and Nanometer Structures

image cross sections of the PDMS imprint molds with sufficient accuracy because of the softness of the material. We
therefore cannot make an accurate assessment of the actual
imprint mold dimensions but rather compare the annealed
TiO2 feature dimensions to those of the original Si master.
For the discussion of constrained shrinkage, below, we assume that, before annealing, the TiO2 precursor had filled a
void in the PDMS mold equal in size to that of the Si features. This assumption will lead to an overestimation of the
amount of shrinkage because it does not account for air
trapped inside the PDMS mold. For the pillars, the heightshrinkage factor, as defined in the caption of Table I, is f z
= 0.44 for all three patterns. The corresponding volumeshrinkage factor is f = 0.13⫾ 0.01. For the lines, height
shrinkage is more pronounced than for the pillars, f z
= 0.30⫾ 0.05. The corresponding volume-shrinkage factor is
comparable to that of the pillars, f = 0.16⫾ 0.04. The similarity of the values for f is expected because f is a material
specific not a shape-specific parameter.
The volumetric shrinkage of annealed sol-derived TiO2
material is expected and further discussed below. We note,
however, that the height-shrinkage factor for our pillar structures of 0.44 共equivalent to linear shrinkage of 56%兲 is less
severe than that for a comparable precursor material reported
by Yoon et al., 0.32 共linear shrinkage of 68%兲.16 We also
note that the largest aspect ratio 共height:width at 50% height兲
we observe is 2:1 and is found for the pillars in the 500 nm
period array 共Fig. 1兲.
We first discuss the role of substrate constraint on the
observed shrinkage factors. In the case of 共isotropic兲 volumetric shrinkage f, with f = final material volume/initial volume, the linear x, y, and z dimensions of a freestanding object shrink by a factor
f x = f y = f z = f 1/3 .

共1兲

Here, f x and f y are defined similar to f z in the caption of
Table I. Constrained shrinkage, which has been studied for
the case of sintering of ceramic particles both
experimentally21 and theoretically,22 leads to changes in the
linear dimensions that depend on both f and the object’s
geometry: for a film constrained by a substrate the lateral
shrinkage is suppressed 共f x = f y = 1兲 and the full shrinkage
must be accommodated in the z dimension 共perpendicular to
film plane兲,
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FIG. 3. SEM micrographs of nanoimprinted TiO2 pillars after 共a兲 190 ° C
annealing and after 共b兲 500 ° C annealing. 共a兲 and 共b兲 have the same
magnification.

共2兲

fz = f .

For a partially constrained object, such as a pillar or a ridge,
the height-shrinkage factor is expected to lie between
f 1/3 ⬎ f z ⬎ f ,

共3兲

FIG. 4. 共Color online兲 XRD scan of a 100-m-thick annealed 共500 ° C兲
TiO2 film on a Si 共100兲 wafer. The strong Si 共400兲 diffraction peak at 2
= 69.290° lies outside of the displayed data range. The bars indicating peak
position and intensities are obtained from the PDF No. 021-1272 database
for anatase TiO2.

and the lateral shrinkage factors follow
f x,y ⬎ f 1/3 .

共4兲

Both the pillars in Fig. 1 and the ridges in Fig. 2 are partially
constrained by the substrate. The observed values for f z
共Table I兲 indeed follow the expected trend: for an average
volume-shrinkage factor 共pillars and ridges兲 of f
= 0.14⫾ 0.2, one obtains f 1/3 = 0.52⫾ 0.3, and, for both pillars
and lines, inequality 共3兲 is satisfied. In addition, the height
shrinkage for the lines is more pronounced than for the pillars, which is qualitatively expected because of the higher
degree of substrate constraint of the lines, bringing f z closer
to the volume value f.
We also investigated constrained shrinkage without the
previous assumptions regarding PDMS mold dimensions. We
present here the results for a square pillar array that was
annealed at 190 and 500 ° C 共see Fig. 3 and Table II兲. Annealing at 190 ° C sufficiently stabilizes the imprinted features for SEM imaging while still not leading to full calcination 共and shrinkage兲. From the residual layer thicknesses
共Fig. 3 and Table II兲 and Eq. 共2兲 we obtain f = 0.30⫾ 0.05
共and hence f 1/3 = 0.67⫾ 0.03兲. The directly measured heightshrinkage factor, f z = 0.59⫾ 0.02, satisfies inequality 共3兲. The
directly measured lateral shrinkage factor, obtained from the
width at 50% height, is f x,y = 0.70⫾ 0.02, which satisfies inequality 共4兲. As a control we also calculate the volume
shrinkage using the cone volumes, obtained by a model of a
truncated cone, and we obtain the volume-shrinkage factor
f = 0.25⫾ 0.04. This value is smaller but within the error
margin of the value derived from the residual layer thickness.

The volume shrinkage of sol-derived oxide films is
mainly due to the removal of alkoxide groups and stabilizers.
Our precursor solution contains 0.0198 mol Ti ions and
0.0100 mol H2O molecules. Thus, only 1/8 of Ti-OBu bonds
in the precursor are hydrolyzed, according to the reaction23
Ti共OBu兲4 + H2O → HO-Ti共OBu兲3 + BuOH.

共5兲

Both bound OBu groups, BuOH, amines, and solvent are
present in the precursor solution during imprinting. Alcohol
and possibly BuOH diffuse into the PDMS during the first
annealing step. The results presented in Fig. 3 demonstrate
that significant shrinkage takes place in the 500 ° C annealing step.
Figure 4 shows data from a -2 XRD scan for a film
annealed at 500 ° C. This result clearly shows that the crystalline structure of the material is anatase TiO2, which is
expected for the annealing temperature.16,24,25
The optical properties of the film material are important
for photonic applications, as discussed above. Ellipsometry
results presented in Fig. 5 show that the film absorption is
very low and that the average index of refraction in the

TABLE II. Feature dimensions of imprinted TiO2 pillars that are annealed at
190 and 500 ° C.

Sample
共a兲 190 ° C anneal
共b兲 500 ° C anneal

Residual
layer thickness
共nm兲

Height
共nm兲

Width at
50% height
共nm兲

320⫾ 10
101⫾ 2

280⫾ 3
165⫾ 3

255⫾ 3
178⫾ 2
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FIG. 5. 共Color online兲 Optical constants n and k for a 95-m-thick annealed
共500 ° C兲 TiO2 film on a Si 共100兲 wafer, obtained from ellipsometry. The n
values are fitted to a Cauchy model with the parameters A = 2.245, B
= 0.007 99, and C = 0.007 92. k is fitted to an exponential model. The mean
square error for the fit of the combined n, k model is 13.948, which is
considered a good fit of the experimental data.
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wavelength range of 800–1100 nm, important for lighttrapping applications for crystal silicon photovoltaics, is n
= 2.27⫾ 0.01. The index is lower than the corresponding anatase bulk material, which has the index n = 2.488– 2.561 at
589 nm wavelength 共depending on crystallographic
orientation兲.26 Our film has an index of n = 2.33 at 589 nm
wavelength, which is approximately 8% lower than the average bulk value. The lower index is commonly explained by
voids in the material filled with air and/or solvent.27
IV. CONCLUSIONS
We report a soft-imprint method for obtaining anatase
TiO2 nanostructures using a sol-based precursor film. The
method employs of a very low imprint pressure of 0.02 MPa
共3 psi兲, which is easily applied by hand, without dedicated
imprint equipment. The use of a heavy alcohol as precursor
solvent, a very brief spin coating time, and the use of an
incompletely cross-linked PDMS mold are all found to be
crucial for obtaining high-quality imprint results. The heightshrinkage factor 共TiO2 feature height/Si master height兲 for
pillars is only 0.44, which is a smaller degree of shrinkage
than reported in the literature 共factor 0.32兲 for a comparable
chemistry. Constrained volumetric shrinkage is discussed for
both pillar arrays and line gratings. The design dimensions of
a master imprint mold will have to take shrinkage into account. We believe that this method is transferable to other
metal alkoxide-based sol chemistries.
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