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Among the existing methods, Nanoimprint Lithography (NIL) emerges as a simple route for surface
patterning at the sub-micrometer scale over large areas. Thanks to their tunable properties, sol-gel
materials form an alternative class of resist for NIL. However, there is only little understanding of the
rheological properties responsible for their good imprint ability. Based on previous works on thermal
curing of thermosets, this paper establishes a framework which can be used to tune the imprint
conditions and to apprehend the rheological properties of complex hybrids materials. Using a

combination of Dynamic Mechanical Analysis (DMA) and scratch test, we were able to model the


mailto:etienne.barthel@saint-gobain.com

thermorheological behavior of Methyltriethoxysilane (MTES) gel films during isothermal treatments
in a time-temperature-transformations (TTT) diagram. Infrared spectroscopy study of the gel
demonstrates the existence, for the same elaboration chemistry, of a condensation threshold
independent of the temperature above which the material vitrifies: this reveals the closed relation
between the rheology and the chemical microstructure of the gel. We also discussed the strong

influence of the elaboration chemistry on the initial microstructure and therefore on the vitrification.
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Figure 1. SEM picture of imprinted structures in MTES sol-gel coating: Dot array of about 50 nm

diameter and 150 nm period and 150 nm height. The inset shows a detailed view. Imprints are

performed at 130 °C.
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Figure 2. DMA Measurement on glass fiber mat impregnated with a MTES sol after t,= 300 minutes.
Evolution of elastic moduli (~—) and dissipation tano=E”/E’ (—) during a temperature cycle between

room temperature and 250°C with 4°C.min™! heating and cooling rates.
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Figure 3. DMA Measurement on glass fiber mat impregnated with a MTES sol after t,= 300 minutes.
Evolution of elastic modulus during eight consecutive temperature cycles between 25°C and 60°C with

4°C.min"" heating and cooling rates with five minutes long plateau at the starting and ending

temperatures.
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Figure 4. Isothermal DMA measurement on glass fiber mat impregnated with a MTES sol after t,= 300
minutes. Evolution of tan ¢ during isothermal test after a 30°C/min heating ramp (acquisition starts at

the beginning of the isothermal plateau).
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Figure 5. DMA Measurement on glass fiber mat impregnated with a MTES sol after t,= 60, 120, 180,
300 and 480 minutes. A) Evolution of the dissipation tand=E”/E’ at 1 Hz during a temperature ramp. B)

Frequency sweep between 0.01 and 80 Hz (5 points per decade) at 45°C.

Figure 6. Optical microgramm of scratch morphology evolution during thermal treatment. At the
beginning, parallel thickness fringes are observed (a: fluid), then whirls appear (b: viscous), and finally

delamination of the layer occurs (c: brittle).
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Figure 7. FTIR spectrum of a MTES layer deposited at t,=300 min and after thermal treatment at
T=95°C during t= 0, 4, 10 and 20 min (dark to light grey solid lines). SiOSi massif at 1100 cm™ was

separated in two peaks (dotted lines). All spectra are represented after baseline correction and
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Figure 8. Evolution of the area of the SiOSi peak at 1030 cm™ during thermal treatment at T= 75( A),
90(3%), 105(+) and 120°C(e) (solid lines are obtained by fitting according to equation 3). The SiOSi

peak area at the fluid-viscous (O, dotted line) and viscous-brittle (A, dashed and dotted line) transitions
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are also represented. Dotted lines are guide for the eyes.
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Figure 9. FTIR spectra of MTES gel layers deposited at t,=60, 120, 180, 240 and 300 minutes. All

spectra are represented after baseline correction and normalization with respect to the Si-CH3 peak area

at 1230 cm™.
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Figure 10. In FTIR experiments, evolution of the intensity of the SiOSi peak at 1030 cm™ of sol-gel
layers obtained after t,=60( A), 120(3%), 240(+) and 390 (e) minutes during thermal treatment at T=
105°C (solid lines are obtained by fitting according to equation 3). The SiOSi peak area at the fluid-
viscous (O, dotted line) and viscous-brittle (A, dashed and dotted line) transitions are also represented.

Dotted lines are guide for the eyes.
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Figure 11. DMA Measurement on glass fiber mat impregnated with a MTES sol after t,= 300 minutes.

Rescale of Fig. 4 into a master curve using 1=t/tpya and tand/tandm,x given in Table 2.
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Figure 12. viscous-brittle transition time t, during the scratch test (O, obtained from Table 1) and the
characteristic times of the DMA experiments (A obtained from Table 2). Exponential fitting curves are

also represented (dashed line for scratch test and solid line for DMA).
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Figure 13. Arrhenius plot for the condensation reaction. The logarithm of the kinetics constants
obtained by FTIR (m) and from scratch test (A) are plotted as function of the reciprocal temperature.

Linear fits are also represented for each experiment.



Scheme 1. Schematic view of (A) T-cube and (b) ladder-like SiOSi species. Silicon atoms are placed at

the corners of the structures whereas oxygen atoms are in the middle of the lines. Wavy lines represent

pending SiOH bonds.

Temperature (°C) | 125 | 118 | 110 | 100 ] 90 80 |70 160 |50 |40
tr () <5 16 |25 |40 85 215 | 420
t (5) 82 | 175 |40 60 110|240 |495 | 1110 |3300 |8100

Table 1. In a scratch test, time needed to reach the fluid-viscous (t; Fig. 6a-b) and viscous-brittle (t, Fig.

6b-c) transitions as function of temperature for MTES layer prepared after t,=300 min.

Temperature (°C) | 50 60 70 80 90 100
tan Omax 0.337 0.284 0.208 0.188 0.118 0.102
tpma (Min) 75° 40° 23°20 14’10 12°30 7’10

Table 2. Parameters tandm,x and tpya used for the rescaling of Fig. 4 into a master curve (Fig. 11) as a

function of temperature. tandyax 1s the value of tand at the plateau. tpya indicates the vitrification of the

system and was measured by the intersection of the horizontal line at tand,,x and the second line with a

negative slope of the second regime (Fig. 4).
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During the imprinting of a silica sol-gel thin film, a progressive shift of the glass transition temperature
is observed and induces the vitrification of the materials. The subsequent strong modifications in

rheology allows for large scale patterning with excellent spatial resolution and fidelity.
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