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Abstract In this review hybrid organic—inorganic (HOI)
resists as emerging materials alternative to organic poly-
mers for micro and nanolithography are presented and
discussed. In particular, results on sol-gel materials
belonging to 3-glycidoxypropyltrimethoxysilane based
HOI are presented and reviewed, highlighting as various
lithographic techniques can be used to pattern their surface
and showing examples of micro- and nano-patterned
structures achieved with radiation assisted lithography
(UV, X-rays and electron beam) or imprint techniques. It
will be demonstrated the particular versatility shown by
some of these materials, that in some case can be processed
with all the lithographic methods herein considered, with-
out any significant modification of their main composition
and synthesis procedure. Moreover, results about the
investigation of interaction between radiation and HOI
materials and thermal treatment will be discussed, as well
as possible synthesis strategies and composition modifica-
tion developed in order to improve efficiency of curing,
tailor HOI properties to specific needs (optical properties,
resist composition, mechanical stability, etc.) and explore
innovative and non conventional patterning techniques.
The reported results highlight as these novel materials,
thanks to their solution processability and higher perfor-
mances respect to commercial polymeric resists, allow to
use the above mentioned lithographic techniques in a direct
patterning process, strongly simplifying conventional
technique and reducing their processing time and costs.
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1 Introduction

The standard materials in the lithographic field are polymer
based and generally used as sacrificial resist films. Existing
conventional micro- and nano-fabrication technology is
using complex multi-step processes involving resist depo-
sition on the film to be patterned, lithography and etching.
Therefore, the fine pattering of a thin film is often complex
and represents a crucial processing step in most device
fabrication, becoming a barrier for mass-production of
devices requiring micro- or nano-fabrication especially
when large etch depth and aspect ratio is required.

The possibility of using the resist material itself as final
patterned film, instead of using etch transfer techniques,
would be very attractive, taking advantage from its easy
solution process. However, due to the relatively low per-
formance and instability of polymeric materials to frequent
operational and environmental conditions and limited
range of properties, hybrid organic—inorganic (HOI) resists
are emerging as an alternative to organic polymers for
micro and nanolithography, having both solution process-
ability together with higher performance, stability and
wider choice of properties [1-7]. In particular, thermal
resistance (<300 °C), mechanical strength (antiscratch)
and chemical endurance (dissolution) typical of polymers
can be improved by using HOI resists. Furthermore, the
problem of “unknown chemistry” typical of commercial
organic resists can be overcome allowing, for example, to
dope the patternable film with organic dyes, nanoparticles
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or other organic and inorganic species; the optical prop-
erties such as refractive index and resist porosity can be
tuned, etc., allowing to use HOI resists like materials as
integral part of a devices and to overcome the frequent
inadequacy of commercial organic resists. Even more
important, the use of HOI allows a huge simplification of
traditional lithographic processes using sacrificial resists
for the realization of devices requiring micro- or nano-
patterning and several lithographic steps.

Among the more important conventional lithographic
techniques are electron beam and X-rays lithography (EBL
and XRL, respectively), that allow to achieve high pattern
structures resolutions [8—11].

Most important non conventional techniques are thermal
and UV assisted imprinting lithographies (T-NIL and
UV-NIL, respectively) that are today considered very
promising for their high throughput and obtainable reso-
lution [12-15].

Concerning HOI resists, several HOI materials have
already been reported in literature since few decades, as
directly writable materials; the main part of it concerns UV
sensitive HOI mainly methacrylate based, for the produc-
tion of waveguides [16-22] and few other products [23-25]
by using mask assisted UV lithography techniques (UVL)
and UV Laser Interferential Lithography (UV-LIL).

This review resumes published results and some recent
unpublished achievements on versatile HOI materials,
based on 3-glycidoxypropyltrimethoxysilane (GPTMS,
Scheme 1), developed by the authors to produce micro-
and nano-patterned surfaces by direct writing with the five
lithographic techniques above mentioned (UVL, UV-LIL,
EBL, XRL and NIL, Fig. 1). In particular, results about the
investigation of the interaction between radiation and HOI
materials will be presented. Moreover, it will be underlined
the particular versatility shown by some of these materials,
that in some case can be processed with all the lithographic
methods herein considered, without any significant modi-
fication of their main composition and synthesis procedure.
Examples of different HOI patterned structures and prop-
erties, that can be obtained varying pattern techniques and
compositions, will be shown.

Scheme 1 3-Glycidoxypropyltrimethoxysilane, GPTMS
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Hence, this study aims to give a better insight into
alternative materials which can be used with lithographic
techniques and into materials structure modification that
these processes induce, highlighting the advantage of using
a coupled bottom-up and top-down approach, i.e. sol-gel
HOI materials synthesis and the lithographies above men-
tioned, to the realization of direct nano- and micro-pat-
terned films.

1.1 Hybrid organic—inorganic materials (HOI) based
on GPTMS

The studied HOI systems are based on 3-glycidoxypropyl-
trimethoxysilane (GPTMS, Scheme 1, 2) with the possible
addition of different inorganic oxide precursors, in particular
Si tetramethoxide (TMOS), Ge tetracthoxide (TEOG), Zr
butoxide (ZrBut) and Ti propoxide (TiProp) for SiO,, GeO,,
710, and TiO, sol-gel synthesis, respectively.

Although HOI systems based on GeO,, ZrO, and TiO,
and acrylate as polymerizable functionalities are probably
the most studied photopatternable materials for direct
fabrication of micro-optical elements and optical wave-
guide [26-32], the use of HOI films bearing epoxy func-
tionality as directly patternable materials is rarely
investigated. Moreover, the few studies present in literature
are focused on lithographies using UV light, while direct
micro and nano patterning by EBL [33, 34], XRL [35-37]
and NIL [5, 38-40] is less frequently reported.

One of the main reason for this is the difficulty of pre-
serving epoxy functionality during the sol-gel synthesis in
presence of tetrafunctional alkoxides different from Si ones
and with a strong behavior as Lewis acid, such as the above
mentioned transition metal precursors.

However, epoxy based HOI offers a few important
properties with respect to acrylate based HOI, that will be
highlighted in the examples below. The first is a high
thermal stability of un-polymerized epoxies and UV
transparency, because the cationic polymerization mecha-
nism, used in the herein described works of the authors, is
not inhibited by the presence of oxygen and cannot be
started only by the temperature as in the case of radical
processes widely used with acrylates [41, 42]. Moreover,
high pattern resolution achievable with EBL or XRL will
be demonstrated, that with the exception of a few examples
of inorganic oxide based resists [3, 8, 33], represents an
uncommon and outstanding result. Finally, one of the
characteristic features, that is fundamental for the
improvement of the just mentioned spatial resolution and
the dimensional stability, is the limited shrinkage during
polymerization typical of epoxy based HOI. Besides all
this, it has to be pointed out the versatility of these mate-
rials, that can be directly patterned with a wide range of
lithographic techniques.



J Sol-Gel Sci Technol (2011) 60:299-314 301
Fig. 1 Schemes of mask oy
assisted UV lithography with UV or Xrays Ay A F
(a) or withouF (g’) c!evelopment [ { ‘\‘ : ‘/1 T Mould l
R 111111111 | /° :
NIL,yU’V or thermally assiste’d “ﬂ Mask “ e I'I_ L —
@ Uv or Xray exposure . .
Uv or Xray exposure j, or xray exposure EB exposure Thermal or UV curing
] acdtdttdd  RALLESLEE ERRRE
Wet etching Wet etching Wet etching Imprinting
a a b c d
0,7 A summary of the main achievements in this direction
1 72% UV 40 Jom? are reported in the following. A simple system of GPTMS
061 gt 004 co-hydrolysed with Tetramethoxysilane (TMOS, molar
05 4 ;gHUV 40 Jjom” b ratio 70:30 reacted in acidic conditions with HCI/H,O/
g 1 GTH UV 40 Jem? / TMOS = 0.008/2/1, the system is named GPTMS-SiO,) is
< 0,4 I doped with different types of photoinitiators named DIC,
-g 03_‘ e e 2% HPPF and DPST (Scheme 3) and subjected to UV expo-
e sure with a Hamamatsu LC5 UV Hg(Xe) lamp. As shown
< by FTIR spectra of the irradiated GPTMS-SiO, films un-
doped (GT), doped with 1% DIC (GTD) and with 0.1%
HPPF (GTH), the polymerization is not completed with 1%
DIC (curves GTDUV40 J/cmz), while the film seems to be
———— completely polymerized at the same power density using

/r T

T T T T T T
3600 3200 2800 1800 1600 1400 1200 1000

Wavenumber / cm™

Fig. 2 FTIR spectra of GTD (1% DIC), GT and GTH (0.1% HPPF)
films dried and irradiated with 40 J/cm® UV power density in the
regions 3,850-2,700 and 1,900-900 cm™!

Early studies on GPTMS based materials performed in
our lab have been dedicated to improving their photosen-
sitivity, by using cationic photo-initiators and to directly
pattern these films with easy and fast production of channel
waveguides. Different types of photoinitiators, necessary to
make the resist photosensitive to UV radiation, were
studied, with the aim to shorten as much as possible the UV
exposure time and simultaneously set up thermally stable
structures.

Scheme 2 Outline of the epoxy
polymerization process owing

0.1% HPPF (curves GTDUV40 J/cm?), indicating a dif-
ferent efficiency as cationic photoinitiator (Fig. 2).

In fact, despite the absorption of both DIC and HPPF
peaks around 250 nm, the absorption intensity of HPPF is
enhanced due to the presence of an electro donor alkoxy
group linked to the benzenic ring [43]. The presence of the
initiator causes a secondary damage effect in the organic
structure of the film, evidenced by the increase of a band at
1,720 cm ™!, related to the formation of carbonyl hydro-
philic groups and more pronounced when a less efficient
initiator, such as DIC in this case, is used.

However, HPPF is thermally active as well and initiates
the polymerization already at around 100 °C and a com-
plete curing at 140 °C (film GTH in Fig. 3b); instead, the
thermal treatment at 150 °C of DIC containing films
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Scheme 3 Three different cationic photoinitiators tested. The
absorption is centred at 250 nm (DIC), 250 nm (HPPF), 300 nm
(DPST)

doesn’t show any polymerization evidence (film GTD in
Fig. 3a).

The exploitation of these directly patternable films for
the production of micro-structures, for example channel
waveguides, in short exposure times as those required by
GTH system, but are also thermally stable to avoid channel
waveguide definition loss upon thermal stresses, as in the
case of GTD, requires efficient photoinitiators that at the
same time preserve epoxy from thermal polymerization.

The above mentioned problems were overcome by using
the photoinitiator DPST (Scheme 3), that has a greater
photolytic efficiency with respect to other photoacid gen-
erators [44] due to its extended conjugation resulting from
the presence of the 4-thiophenoxy chromophore. In par-
ticular, DPST was compared with DIC and it was found to
get a more efficient photopolymerization, producing a
complete curing with initiator concentration ten times
smaller than DIC and lower UV doses. Figure 4 show these
results, on a system based on GPTMS and co-hydrolysed
with Ge ethoxide (GPTMS-GeO,) described below and
reported in [45]. In the Fig. 4 the polymerization degree is
represented by plotting the intensity of the epoxy vibration
absorption at 3,060 cm ™!, normalized to the initial area, as
a function of the irradiation time, for the same film con-
taining 1% DIC or DPST as initiator: it can be seen that
with DPST the complete polymerization is reached after
2 min, although the molar concentration of photoinitiator is
the same.

1.2 HOI materials based on GPTMS-GeO,

A low amount of GeO, (<30%) and the use of a synthesis
process that preserves epoxy groups, allow to exploit
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Fig. 3 FTIR spectra of a GTD (1% DIC) and b GTH (0.5% HPPF)
films treated at different temperatures for 30 min. From ref [47]
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polymerization of such functionalities to direct pattern
GPTMS-GeO, based films [46—48] (Scheme 2). In the
earlier UVL experiments, HOI synthesized with GPTMS
and TEOG in different amount (Ge/Si molar ratio between
0 and 3) have been explored for UVL. A basic synthesis
was used with the highest amount of TEOG, as reported by
the authors [45-47], to avoid epoxy opening by the Ge
alkoxide which acts as Lewis acid. Figure 5a and b show
channel waveguides fabricated by UV illumination of
DPST doped films through a quartz slide with a chromium
mask with open stripes of different sizes (4, 6, 8, 16 and
32 pm). After exposure, the unexposed zones were dis-
solved by a mixed solution of water/acetone in ratio 1:1 for
30 s. Figure 4 shows the degree of photopolymerization
versus UV curing time, measured by the decreasing of the
epoxy vibration absorption at 3,060 cm™~' that demon-
strates the ring opening reaction.

Alternatively, the structures can be used without any
development step after UV exposure, greatly simplifying
the patterning process; an example of these structures is
shown in Fig. 5c. In fact, the refractive index of the films
changes consistently upon irradiation and the variation
between exposed and unexposed part, of about 0.015 (not
shown, [45]), is sufficient to ensure a good optical light
confinement to produce waveguiding structures.

As previously mentioned, the use of an efficient cationic
photoinitiator, that at the same time preserve epoxy from
thermal polymerization, represents a real advantage of using
epoxy based HOI in directly patterned micro optical struc-
tures; in fact, acrylate based polymers or HOI spontaneously
undergo to thermal or self initiated polymerization, which
would degrade the topology and refractive index.

Recently, we apply UV laser interference lithography
(UV-LIL), an emerging and promising technology for the
realization of large area 1D and 2D structures on photo-
sensitive materials. This technique allows the fabrication of
periodic patterns, of the order of 100 nm, using UV lasers

in a single step on photosensitive materials. In particular,
the use of HOI systems has been explored by the authors
[49], on the GPTMS-GeO, films (Si/Ge = 8/2), by using
DPST as photoinitiator and the two-beam interference
excitation of a 50 mW HeCd laser (4 = 325 nm, KIM-
MON Koha-Model IK3501R-G). After post-exposure bake
at 60 °C, the unexposed regions were dissolved by means
of a diluted NaOH solution (NaOH: H,O = 1:100).
Examples of the generated sinusoidal light intensity pattern
are shown in the AFM images of Fig. 6.

The advantage of using HOI sol-gel materials in the
fabrication of sinusoidal gratings, respect to polymeric
resists, lies in the higher control of both optical and geo-
metrical parameters and in the realization of smother
structures; by this way, the surface quality is improved and
it is possible to match the properties of the patterned film,
such as refractive index, chemical and mechanical resis-
tance. This last feature is important, for example, if the
same periodic relief patterns would be exploited as master
itself, thanks to its higher rigidity respect to usual poly-
meric resists, or in the replica moulding technique.

A similar HOI GPTMS-GeO, system was used in XRL
experiments [38, 46], synthesized from GPTMS and TEOG
with a Ge/Si molar ratio of 2/8; in this case it was found
that the films can be patterned without the addition of any
photo-initiator, by exposing the film to a synchrotron
radiation X-ray beam through a test mask and delivering a
total dose of 2 J cm™? in the range of photon energies of
1-2 keV. Again, in the exposed material epoxy function-
alities polymerize and the film becomes hard and insoluble,
while unexposed areas remain soft and soluble and can be
dissolved (Shipley MF-322) providing a negative resist-
like behaviour of the film. The absence of any initiator
enhances the hardening difference between exposed and
unexposed areas, thus improving the final lithographic
contrast. Figure 7a and b show an example of pattern
achieved by XRL, as previously summarized.

Fig. 5 Example of developed structures obtained by conventional
UV lithography on a GPTMS-GeO, (molar ratio Si/Ge = 7/3) (a) a
ridge waveguide, (b) a beam splitter. (c) Set of stripes achieved by

direct UV lithography without developing step on a GPTMS-GeO,
film. From ref [45]
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Fig. 6 AFM images of 500nm )
diffraction gratings with periods g ZBango: P 1o

of 500 nm, field size =
20 x 20 pm? (a) and of 1 pm,
field size 15 x 15 pum?,

(b) fabricated with the two-
beam interference system. In the
inset the 3D images of zoomed
scans of the patterns are showed
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Since one of the aim of this study is to highlight the
benefits of using HOI which in turn allow us to use a direct
patterning process, for comparison, some patterned geom-
etries obtained by the authors [50] on GPTMS-GeO, films
with a traditional nano-lithographic procedure are shown in
Fig. 7c and d. The process was performed using soft X-rays
(1.5 keV from Synchrotron Light Source) on a pure com-
mercial resist film (SAL) deposited on the GPTMS-GeO,;
after exposure to the X-rays beam with a mask, the SAL
film was developed (in MF-322 industrial developer) and
reactive ion etching (RIE) was performed (using a 1:2
volumetric mixture flux of Argon and CF4) to transfer the
pattern on the underneath HOI sol-gel material. Residual

Fig. 7 XRL of a GPTMS-GeO,
(molar ratio 8/2) film showing
an array of pillars with diameter
of 1.5 um (a), from ref [38], and
with pillar of lower dimension,
500 nm, and higher aspect ratio
of about 3 (b), from ref [46].
The SEM images in (c¢) and

(d) report some patterned
geometries on the GPTMS-
GeO, (molar ratio 8/2) system
by the conventional XRL
through the use of a polymer
resist and the etching step

@ Springer

ZRange: 111.5nm

i

9.82 '-5.50 2 9.50
XRange: 15 ym

Y Range: 15 ym

SAL layer was then totally stripped away by means of hot
acetone. As it can be observed in Fig. 7c and d, the
obtained structures are rather well resolved in a depth of
about 750 nm, but the roughness of the etched area is
particularly evident. This fact, together with the time
consuming and expensive conventional technique used,
constitutes a drawback justifying the requirement for novel
materials and for a simplification of the fabrication pro-
cesses for mass production of micro- and nano-
nanodevices.

The mechanism of interaction of UV light and X-rays
with the same HOI system was recently investigated, by
analyzing the FTIR spectroscopy measurements of Fig. 8.
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The FT-IR spectra show that to a first approximation the
effect of UV and X-rays on the film structure modification
is very similar, producing the epoxy curing (C—H stretching
at 3,060-2,995 cm~! and epoxy vibration at 910 cm™!
almost disappear) and organic degradation, evidenced by
the increasing of a band at 1,750 of C=0 species and of the
broad 3,440 cm~! band due to C—OH formation and/or H
bonded water. The increasing of OH content is observed
only in the case of X-rays exposure; before irradiation
mainly Si—~OH species are present (this contribution to OH
band is centred at lower wavenumber, around 3,390 cmfl);
after exposure the band is shifted to higher wavenumber,
around 3,440 cm™' suggesting a predominant contribution
from C-OH. In the case of UVL, these species are already
present before irradiation, probably caused by the photo-
initiator addition.

The organic degradation reasonably occurs on the more
labile organic species such as the CH,—-O-CH, etheric
bonds in the propylic chain, revealed by the decreasing of
C-0O-C stretching at 1,100 crn*l; however, the intensity
decrease and broadening of this peak may also be due to
the epoxy polymerization that modifies the organic moie-
ties structure. Even though the exposure doesn’t produce
carbonyl formation, as it will be shown later in the case of
EBL, the broadening and decreasing of the C—O—C bond is
still observed, suggesting that other species degrade during
irradiation.

Several studies reported by the authors demonstrated
that HOI GPTMS-GeO, system is directly patternable by
EBL allowing to produce high resolution structures [34, 38,
51]. As in the case of XRL, by EBL the organic network

formation occurs without the use of any photo initiator; in
this way, all the problems related to the initiator diffusion
[52, 53] and consequent loss of resolution and pattern
quality are avoided.

In ref [34] the sensitivity of the resist, defined as the
incident dose required to cause a change in the resist sol-
ubility sufficient for the production of a lithographically
useful image, was estimated. The contrast is calculated as
y = 1/log(dy/d;), where d, is the dose required for 100%
material remaining and d; is the dose where the cross-
linking starts to happen. Therefore, the contrast and the
sensitivity can be obtained directly from a graph which
relates the resist thickness and exposure, by plotting the
normalized residual thickness of each exposed area, after
development, versus the electron dose. Figure 9 shows the
contrast curve achieved by using a micrometer test pattern
in a film with a thickness of 350 nm. In particular, the
influence of the post-exposure bake temperature on the
resist contrast was investigated. As can be seen, the con-
trast was very similar for all the thermal treatments and it
was only slightly reduced by increasing the post-exposure
bake temperature, with a value changing from 2.5 to 2.2.
An outstanding characteristic, highlighted by the Fig. 9, is
the high sensitivity of this HOI system with a value around
5 uC/cm?. In fact, the photospeed of a resist is a key point
in industrial applications.

A comparison with two commercial resists (PMMA and
SAL601) allows to minimize the influence of exposition
parameters, evidencing the limits strictly due to the mate-
rial structure. The achieved result on the GPTMS-GeO,
HOI resist approaches those on commercial resists,
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waveguiding action from a strip of doped hybrid film
1.0 + (refractive index n = 1.51) on top of a silicon dioxide
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Fig. 9 Contrast curve for EBL direct patterning of GPTMS-GeO,
(molar ratio Si/Ge = 8/2) as a different post-exposure bake temper-
atures. From ref [34]

showing features smaller than 100 nm (Fig. 10). The
linewidth roughness is comparable with the other industrial
products, and is so related to the performance of litho-
graphic set up.

However, a remarkable property of this resist is its
potential high resolution, as it was demonstrated in our
more recent results; high resolution features were obtained
by direct EBL for the production of a 2D DFB laser
structure, as in the example of Fig. 11.

The other important quality of the HOI resists is that this
class of materials can be easily functionalized, dispersing
active compounds in the liquid phase during the synthesis
process. Figure 12 shows the comparison of SEM micro-
graphs of EBL fluorescent patterned films, doped with
Rhodamine 6G, and the corresponding optical images of
fluorescent structures. These results underline potential
applications for the fabrication of integrated laser devices
or photonic bandgap structures. In particular, the structure
of Fig. 12b can work as a laser [54] and is based on the

SAL:
Negative Resist

PMMA:

=i 2 M E3.72 nm
Positive Resist

61.66 nm
————

—_—

I e
—

—— il

surface (n = 1.46) surrounded by air; the geometry pro-
duces the total internal reflection of the light by the trian-
gular ends of the structure, whose realization requires high
resolution patterning. Figure 12b shows the desired struc-
tures obtained on a rhodamine 6G doped GPTMS-GeO,
film by direct patterning.

The interaction of EB radiation with the HOI film, rarely
investigated in literature, reveals a quite different and
interesting behaviour respect the above described interac-
tion with X-rays and UV. In particular, by micro FTIR
analyses (Jasco micro FT-IR 620) small area pattern pro-
duced with EBL can be analysed (Fig. 13). In order to see
the exposed structures the analysis was made after devel-
opment of the film, and not just after irradiation as in the
case of Fig. 8. The micro-FTIR spectra of films irradiated
and developed were compared with FTIR spectra of UV
exposed GPTMS-GeO, films (Ge/Si molar ratio of 2/8,
synthesis reported in [34]), as shown in Fig. 13. Develop-
ment was made by mixed solution of water/acetone in ratio
1:1 for 30 s after UV exposure and MF-319 for 20 s for EB
exposed samples. From Fig. 13 it is evident that EB
doesn’t produce the degradation effect observed with both
UV radiation and X-rays, because C=0O absorption at
1,730 cm™! is not here observed. As for UVL and XRL,
EB exposure results in the epoxy polymerization, even
without the addition of photo initiator; the polymerization
causes the broadening of the C-O-C absorption at
1,100 cm™'. As in the previous analyses, epoxy polymer-
ization is confirmed by the decreasing of the absorption at
3,000 and 3,060 cm™!, while the peak at 910 cm™! seems
to remain constant (see spectrum of the highest EB dose).
However, this spectrum refers to developed films, i.e. the
exposed film undergoes to a further treatment in aqueous
basic medium. Also UV irradiated film of Fig. 12 was
subjected to this development treatment, differently from
the films of Fig. 8; in fact, it can be observed a slight
increasing of the absorption at 910 cm™', comparing

Negative Resist

Fig. 10 Comparison of the ultimate resolution reached by using well-known commercial resists (a, b) and our hybrid sol-gel material, GPTMS-
GeO, (molar ratio Si/Ge = 8/2) (¢) in the same lithographic conditions. From ref [34]
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Fig. 11 SEM images of a
square array of pillars patterned
by EBL on the GPTMS-GeO,

(molar ratio Si/Ge = 8/2) films.

Pillars of 293 nm diameter
possess a period 420 nm and a
depth of 100 nm. From ref [63]
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Fig. 12 Examples of patterned structures achieved by EBL on Rh6G
doped GPTMS-GeO; films. The figure shows (a) the SEM image and
(b) the fluorescence of the structures. From ref [51]

exposed and developed film, that can be due to the for-
mation of Si—-O~. Moreover, in both EB and UV exposed
and developed films the absorption at 960 cm™' clearly
decreases. The most probable hypothesis is that the basic

etching removes preferentially GeO, aggregates, which

absorption is just located at 960 cm™".

1.3 HOI materials based on GPTMS-GeO,
and GPTMS-ZrO, for nano imprinting

Up to this point, the discussion clearly reveals how several
lithographic processes take advantage from these smart
materials. Thanks to their intrinsic nature which summa-
rizes in the same network the features of polymers and
inorganic materials, HOI systems can be successfully
exploited even in the nanoimprinting technologies.

Nanoimprint lithography (NIL) is a relatively recent
approach in the nanofabrication field and has been intro-
duced in the 1995 by Chou’s group [55, 56]. The striking
and simple idea behind such techniques is the replication
on a polymer film of the surface features of a stamp, just by
the application of a pressure, assisted by the temperature
or/and UV radiation. This simple approach is a low cost
and scalable pattern transfer process and is not affected by
diffraction problems, scattering effects or secondary elec-
trons. For these reasons, NIL gained an increasing interest
in the scientific field in view of its potential industrial
impact [57-59].

As in the other lithographic techniques, polymers are the
standard materials; but in last years [60-62] HOI sol-gel
systems revealed to be very competitive due to the com-
positional versatility and functional properties.

The UV sensitivity of the previously described HOI has
been exploited by the authors, also in the UV-NIL pro-
cesses. UV-NIL avoids possible thermal limitations
imposed by the substrate and usually requires less time and
lower pressure (~1 bar) to obtain high quality replicas
than the thermal version.

Figure 14 reports an example of a grating with a period
of 4 um on a GPTMS-GeO, film (molar ration 7/3) by UV-
NIL. The imprinted features have been obtained using an
elastomeric stamp, and by the addition of a cationic
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Fig. 13 Comparison between 7
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initiator to the epoxy sol-gel system, like in the case of
conventional UVL [43].

The photopolymerization process together with the
mechanical deformability of the HOI system, in the gel
state, allow the replica of pattern with high fidelity. The
UV exposure, through the transparent mold, hardens the
HOI material, freezing the print of the stamp on the
GPTMS-GeO, film surface. The grating in Fig. 14 appears
homogenous and defect—free on a large area. Figures 15
show another application of UV-NIL to the same GPTMS-
GeO, system to realize microfluidic device. This micro-
metric pattern is more complex than the periodic grating,
presenting a variety of features with very different size.

10 pm

Fig. 14 Optical microscopy of a grating pattern with period of 4 pm
realized by UV imprinting with a PDMS mold on the GPTMS-GeO,
(molar ratio Si/Ge = 7/3) films

@ Springer

The optical microscopy in Fig. 15b demonstrates the
ability of sol-gel HOI materials to get high quality
imprinted structures.

The elastomeric molds used in these examples are made
by polydimethylsiloxane (PDMS, Sylgard 184) which is
highly transparent to the UV light and has good duplication
capability; anyway the use of these soft stamps is low cost,
but limited in high resolution pattern: nanometric features
tend to collapse or stitch to each other (Fig. 16) and lateral
distortions and structure deformation problems occur dur-
ing the imprinting process. These drawbacks can be over-
come by the use of more expensive hard stamps (quartz), or
transparent substrates.

To further expand the range of imprintable HOI systems,
with advanced and specific properties, the authors also
discuss the application of T-NIL to different HOI materials.
In such case, the sol—gel systems can be not necessarily UV
sensitive. In the following, some examples of the obtained
results are reported.

The GPTMS-GeO, system (molar ratio 8/2) has been
successfully patterned by T-NIL, thanks to the peculiarity
of sol-gel materials to harden with temperature (Fig. 17).
The 1D periodic structures have been realized by T-NIL
with a silicon master having a period of 406 nm and fea-
tures depth of 200 nm. The grating replication has been
performed with the application of a pressure of 3 kN and
treating the sample at 120 °C during the imprinting pro-
cedure. As shown in Fig. 17, the realized samples have a
high quality pattern over an area of 2 x 2 cm?, and there is
no evidence of the problems typical of the soft stamp with
nanometric features. Moreover, the refractive index of
GPTMS-GeO, system and the geometrical parameters of
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Fig. 15 (a) Optical microscopy
of microfluidic device patterns

realized by UV imprinting with
a PDMS stamp on the GPTMS-
GeO, (molar ratio Si/Ge = 7/3)

films. In the figure (b) a

magnification of the
microfluidic features is reported

Fig. 16 AFM images (a) top a

view (b) 3D view of a5 x 5
um? area of a grating with
period 406 nm. The pattern has
been realized by UV imprinting
with a PDMS mold on the

GPTMS-GeO, (molar ratio Si/
Ge = 7/3) films. It’s clear the
stitching of grating lines

200 neDry

r
0.00 2.00

the gratings have been tailored to realize a Distributed
Feedback (DFB) laser. The deposition of an active sol—gel
layer, doped with quantum dots, on such grating allowed to
obtain a lasing emission around 620 nm [63]. The corru-
gation formed at the interface, between the active layer and
the GPTMS-GeO,, periodically modulates the effective
refractive index, with a pitch of 406 nm; this kind of
structure allows to feedback the light at a set wavelength,
depending on the period [64, 65].

It’s worth underlying that in the case of the application
of T-NIL to UV sensitive materials, like the GPTMS-GeO,
system, the epoxy ring has been preserved after the
imprinting process. Therefore, these organic functionalities

Fig. 17 AFM images of a
grating pattern with period

406 nm realized by thermal
imprinting on the GPTMS-
GeO, (molar ratio Si/Ge = 8/2)
films. The periodically
structured surface acts as a 1D

um

ZRange: 199.0 nm

diffraction grating for a DFB E -
laser. From ref [63] =
(=]
0 1

4.00 pm

can be polymerized in a second step, giving the chance to
combine different lithographic techniques and to design
more complicated structures.

Another outstanding characteristic of these HOI systems
is their high optical quality and transparency which has
been exploited in the realization of UV transparent micr-
olenses [66]. Figure 18a shows the UV-VIS spectra of two
GPTMS based systems deposed on fused silica. In such
application, the key point has been the selection of right
precursors to obtain the lowest absorption in the deep UV
region. GPTMS together with Germanium and Zirconium
metal alkoxides revealed to be a good choice, showing a
high transparency in the desired range, even for very thick

ZRange: 2160 in

00

ym
10.00

it

0 100 0.0
(514}
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films (60-110 um). Alternative hybrid precursors like
methacrylic and phenyl organically modified alkoxides
suffer of absorption down 300 nm, due to the presence of
substituted carbonyl groups and the n—n* transitions in the
aromatic ring, respectively [67, 68].

Such epoxy sol-gel materials present a 50% of trans-
mission until 240 nm, especially in the case of GPTMS-
GeO, films. The GPTMS-ZrO, system shows a weak
absorption around 310 nm in a very thick sample, but
maintains a transparency of 60% at 260 nm. However,
GPTMS-ZrO, has better mechanical properties and
dimensional stability respect to the GPTMS-GeO,,
important characteristics in the nanoimprinting technology.
In fact, in the GPTMS-ZrO, system the organic polymer-
ization already occurs during the synthesis step. The
presence of zirconium precursor, a Lewis acid, polymerizes
the epoxy ring in solution, giving a more crosslinked
network. The FT-IR spectra of the two systems, GPTMS-
GeO, and GPTMS-ZrO, allow to point out the main dif-
ferences in the structure (Fig. 18b); as above mentioned,
the bands at 3,000-3,060 cm~' are characteristic of the
epoxy rings and these peaks are still present in the
GPTMS-GeO, and absent in the GPTMS-ZrO,, confirming
the epoxy ring opening reaction in presence of a stronger
Lewis acid, the precursor of ZrO,, respect to the GeO, one.
Moreover, the broad band around 3,400 cm_l, ascribed to
OH groups absorption, is more pronounced in the GPTMS-
GeO, system, indicating a less condensed inorganic net-
work. As we have experimentally experienced during the
imprinting process, the GPTMS-GeO, requires higher
temperatures (around 120-150 °C) or treatment time in
order to consolidate the structure and firmly maintain the
pattern features.

Figure 19 reports some examples of high quality mi-
crolens arrays obtained on a large area, with both the
hybrid sol-gel systems. Cylindrical and spherical sol-gel
lenses have been achieved with different geometrical
parameters, showing the possibility to tune the focal length
(f) in a wide interval.

Microoptical elements with enhanced transmission in
the deep UV can be key components in specific applica-
tions such as in photovoltaics as concentrators [69], or in
light trapping systems suited for organic solar cells [70].

Figure 20 presents other micro and nanometric patterns
obtained by T-NIL on the GPTMS/ZrO, system (molar
ratio 8/2). The periodic gratings appear very well definite,
even by using a low thermal treatment temperature (around
80 °C), during the imprinting process (Fig. 20b). In this
way plastic substrates, usually sensitive to the temperature,
can be also used.

The results highlight the broad possibilities derived from
the control of the organic and inorganic polymerization and
the challenges that this approach offers in the NIL
techniques.

A relevant application, which nowadays gathers the
interest in scientific community, is the realization of anti-
reflective coatings (AR) [71, 72], so the authors exploit the
NIL techniques and the versatility shown by the HOI sol-
gel systems to reach the target.

When the incident radiation crosses the interface
between two materials, reflectance losses are produced due
to the different refractive index between the layers. In the
case of common soda-lime glass, the reflection between air/
glass interface is around 8%. Several strategies have been
developed to increase the transmitted light, such as the
single layer interference coating with a specific refractive
index and thickness [73] suitable for a precise wavelength
or a multilayer approach to widen the frequencies range
[74]. The fundamental principle is to create a refractive
index gradient between the environment and the substrate.

T-NIL has been exploited to realize a graded index
pattern on a GPTMS-ZrO, film (Fig. 21b). Thanks to the
low imprinting temperature required by this system, the
coating has been deposited on a soda-lime glass and a
PMMA slab and the pattern has been achieved by a nickel
stamp (NIL technology, NILT) on an area of about
7 x 7 cm?® The refractive index of the HOI sol-gel
material has been matched with the one of the glass

Fig. 18 (a) UV-Visible a 100

transmittance spectra of L~ e —GPTMS-GeO,

GPTMS based hybrid sol-gel 80 1 — GPTMS-Zr0,

materials, showing high 3: :;‘-‘59:5‘";; ) © 01-

transparency in the UV region. g 4o Ggfﬂl:-um 11 O':; ‘t:;::i Q ’

In the inset the molecular = s

formula of GPTMS is shown, E °

from ref [66], (b) FT-IR spectra E 597 2

of the GPTMS-GeO, (molar = Cf—\CHCH.zO(CH_J - SCCE.\ <

ratio Si/Ge = 8/2) and GPTMS- 20 ’ " Nocu,
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Fig. 19 SEM images of
cylindrical microlenses with
400 pm (a) and 10 pm (b) of
period. Triangular array of
spherical lenses with 80 pm of
period imaged by SEM (c) and
optical microscopy (d). From
ref [70]

Fig. 20 SEM images of grating
patterns with a period (a) of

4 pm and (b) of 500 nm
realized by thermal imprinting
on the GPTMS-ZrO, films

Fig. 21 (a) UV-VIS spectra of a 15
a glass slab coated with a flat ——— soda-lime glass coated
GPTMS-Z1O; film and a with a patterned sol-gel GPTMS-ZrO2 film
thermal imprinted GPTMS- o —— flat coated soda-lime glass
ZrO, film (b) AFM image of the o 10 .
antireflective pattern obtained Q
on the hybrid sol-gel coating S

ko

@ 51 E

o

0 T T T T
300 400 500 600 700

800
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substrate (around 1.51-1.52) to optimize the effect of the
AR layer.

To assess the optical performances of the imprinted
coating, the reflectance has been measured by means of a

UV-Vis spectrometer, equipped with an integrating sphere.
In Fig. 21a the reflection of a glass coated with the pat-
terned GPTMS-ZrO, sol-gel film (refractive index around
1.51 at 600 nm) has been compared with a flat coated glass
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Fig. 22 TEM analysis of
GPTMS-TiO, films (molar ratio
Si/Ti = 7/3. From ref [76]
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Fig. 23 Micro-IR spectra of the GPTMS-TiO, film after the expo-
sition with the UV-photomask, where the decomposition of the
organic species component is clearly visible from the decreasing of
the peaks at 2,800-3,000 cm™ . From ref [77]

in a range between 300 and 800 nm. The presence of the
structured sol—gel film clearly reduces the reflection losses
almost totally in all the visible range.

This phenomenon should be reduced to the minimum
value, for example, to increase the performance of solar
cells [75, 76], so the realization of efficient AR coatings is
still a central issue. The results obtained in our groups

demonstrate the reliability of HOI sol-gel materials to
produce high quality AR coatings on a large area and their
applicability in different fields.

1.4 HOI materials based on GPTMS-TiO,

By changing the inorganic oxide component, a new
material and patterning strategy have been reported [77,
78]. A hybrid GPTMS-TiO, system is prepared by a syn-
thesis protocol described in [78], which allows to produce
TiO, crystalline clusters in brookite form, without any
thermal treatment (Fig. 22).

The presence of the crystalline TiO, domains results in
the photosensitivity of the films, that can be patterned
if exposed through a quartz photo-mask, thanks to the
induced decomposition of the organic components of the
system. Micro-FTIR spectrum of Fig. 23 collected on
the exposed part of the film clearly shows the decompo-
sition of the organic species as indicated by the decreasing
of the peaks at 2,800-3,000 cm™ .

In Fig. 24, SEM images of UV irradiated films, showing
micrometric structures can be observed; the mask used for
the exposure presents few different patterns: linear and ring
gratings with periods in the range 40-150 pm.

Photosensitive TiO, containing HOI material has been
also used for fabrication of microoptical elements by NIL
[79]. The main difficulty in NIL occurs when highly

S ATAEEL - s
»

Fig. 24 Example of micrometric structures obtained by direct UV lithography on a GPTMS-TiO, (molar ratio Si/Ti = 7/3) film, without the

developing step
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Fig. 25 SEM image of a Bragg grating achieved by T-NIL on a
GPTMS-TiO, film, with a very high content of titania (molar ratio Si/
Ti = 1/9)

inorganic systems have to be patterned, such as in the case
of films with high refractive index. Recent results that we
obtained demonstrate that GPTMS-TiO, HOI films with a
TiO, content up to 90% (molar ratio respect to silica) can
be patterned by NIL, allowing to achieve patterned films
with refractive index up to 1.84 at 600 nm. This refractive
index value is reached after UV exposure (dose around
30 J/cmz) of the imprinted features, that makes the film
completely inorganic and allows to well densify the
structures. An example of NIL on a GPTMS-TiO, film
(thickness 0.8 micron) achieved by using a periodic Si
master (period 400 nm, duty cycle 50%) is shown in
Fig. 25.

2 Conclusions

This review was intended to illustrate the opportunities
offered by HOI, in particular by GPTMS based HOI
materials, and their extreme interest for micro- and nano-
lithography, opening the way for the realization of inno-
vative resist materials. The reported results and recent
achievements showed as through the choice of the syn-
thesis protocol, photoinitiators and inorganic oxide pre-
cursors, a broad number of materials and lithographic
processes may be derived that may satisfy various
requirements for both applications and processes.
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