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Abstract: We have quantified the adhesion forces between two-photon polymerization direct
laser writing (TPP-DLW) microstructures and glass surfaces with and without an adhesion
promoter. Glass surfaces treated with an acryloxy-silane agent produce adhesion forces that are
almost three times larger than the forces observed with pristine glass surfaces. Determination of
the substrates’ surface free energies suggests that the observed adhesion enhancement is
chemical in its nature, implying that covalent bonds are formed between the polymer and the
glass by means of the silane agent. The importance of this finding is demonstrated in the

successful production of glassy carbon microstructures using TPP-DLW followed by pyrolysis.

I. Introduction

Two-photon polymerization direct laser writing (TPP-DLW) has the distinctive ability to print
complex 3D microstructures with feature sizes that can reach dimensions as small as 100 nm."™*
Over the years, this characteristic has propelled TPP-DLW into becoming an enabling
technology for a wide range of applications. While the first examples focused exclusively on
creating small and proof-of-concept structures,” TPP-DLW has now matured into an additive
manufacturing process capable of accelerating research in fields as diverse as photonics,”’
mechanics,®’ biology,lo'12 medicine,"*'* and microfluidics."”"” The adoption of TPP-DLW by a
broad range of scientific disciplines is a consequence of its true 3D writing capability; the
presence of both chemical and optical nonlinearities during TPP-DLW allows for the
confinement of polymerization within sub-femtoliters volumes (voxels), hence achieving
remarkable accurate printing performances.'® Voxels with lateral and axial dimensions of 200

nm and 500 nm, respectively are commonly employed in TPP-DLW to print 2.5D and 3D



patterns that can range in overall part size from micro to mesoscale.'”** One of the applications
that underlines the favorable qualities of TPP-DLW in microfabrication is the realization of
mechanical metamaterials.”’ Parts with effective material properties previously impossible to
reach in monolithic systems are now routinely fabricated by TPP-DLW in conjunction with post-
writing procedures such as atomic layer deposition and pyrolysis.****

Although TPP-DLW is a thriving microfabrication technique when it comes to the fast
prototyping of parts that are either impossible or too expensive/time-consuming to make with
conventional methods, it still suffers from a number of limitations that hinder broader
implementation.”* Given that effects such as degree of conversion, solvent permeation, voxels
overlap strategies, material inhomogeneities, and adhesion with different materials are poorly
understood when polymerization is confined at the nanoscale, writing by TPP-DLW largely
remains an empirical process.” This is particularly true when fabricating microstructures based
on novel designs and/or new materials. A case in point is the strong and durable adhesion
between polymeric microstructures and the substrate (in most cases a glass slide or a silicon
wafer), which is essential for successful writing in TPP-DLW. The reliability of three-
dimensional microfabrication is indeed strongly related on anchoring polymeric microstructures
to solid substrates. Survivability and reproduction fidelity of complex three-dimensional parts
critically depend on this bond.

Following this requirement, the TPP-DLW strategy commonly starts with finding the
resin/substrate interface and then ensuring that printing is originated at this location. Auto-
focusing modules are routinely implemented to assist in these tasks. Nonetheless, partial or
complete detachment of printed parts still occurs, which is especially limiting when carrying out
long print jobs. The causes of this failure point to the polymer swelling and shrinkage that evolve

during and after fabrication.”

In this letter, we examine this important issue by measuring the
force required to dislodge polymeric microstructures fabricated by TPP-DLW on several
substrates. We find that the use of an acryloxy-based silane adhesion promoter can substantially

increase the adhesion between the printed part and the substrate.

I1. Methods
TPP is performed using a Photonic Professional GT (Nanoscribe GmbH) DLW system

equipped with a 63 x 1.4 NA microscope objective. The polymeric microstructures are printed on



glass substrates from an acrylic-based resin (IP-Dip, Nanoscribe GmbH) in a layer-by-layer
sequence using the system’s galvanometric mirror scanning mode.”® To ensure that the
polymeric microstructures are anchored to the substrate, we followed the common procedure to
set the first printed layer 1 um below the resin/substrate interface as it is found by means of the
system auto-focusing module.

After DLW, the unsolidified portion of the resin is washed away using a propylene glycol
monomethyl ether acetate bath for 20 minutes, followed by a 5 minutes dip in isopropanol. The
samples are then dried using a critical point dryer.”” The test microstructures are in the form of
solid cubes of varied dimensions printed with identical writing parameters. The substrates
investigated in this study are used either in their pristine form or after modification with an
adhesion promoter. In their pristine form, prior to printing, the glass coverslips are washed in
acetone and isopropanol and then air-dried. In their modified form, the glass coverslips are first
cleaned by immersing them in an oxidizing solution made of sulfuric acid and hydrogen peroxide
(3:1 volume ratio) for 30 minutes. The substrates are then washed thoroughly with deionized
water, and after being dried, they are placed in a low-vacuum chamber with 3mL of 3-acryloxy
propyl trichlorosilane (Gelest Inc.) for two hours. During this time, the hydroxyl functional
groups present on the surface of the freshly oxidized glass substrate react with the silane agent
releasing hydrochloric acid and forming a monolayer of acrylic functional groups covalently

linked to the glass surface.*®

L

Figure 1. SEM images of microstructures fabricated by TPP-DLW on glass substrates with and without
an adhesion promoter. All polymeric specimens are made at a writing speed of 2 cm/s using lateral and
axial hatching values of 100 nm and 200 nm, respectively. The laser average power during the writing is
set to 17 mW. (a) When using an unmodified glass substrate, TPP microstructures remain attached to the
glass surface but they all show adhesion defects due to shrinkage induced stresses within the polymer.
The inset is a magnified view of one of the test samples, showing clearly how faulty is the polymer-glass
interface. (b) When a glass substrate modified with an adhesion promoter is used instead, TPP
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microstructures are all firmly anchored to the glass surface. Furthermore, the polymer-glass interface
remains completely sealed (inset) showing the absence of any gaps. The scale bars in both images are 250
um. The scale bars in both inset images are 20 um.

I11. Results and Discussion

A qualitative example of the adhesion properties’ differences between the unmodified and
modified glass substrates is shown in Figure 1. In both substrates, an array of test samples is
written by TPP where all the cubes have the same dimensions (30 um side length). Although the
entire sets of microstructures in the arrays survive the washing and drying step, a closer look at
their interface with the glass substrate reveals a different story. While the base of the printed
cube is firmly attached to the substrate with the modified surface (inset Figure 1b), a clear gap
between the polymer microstructure and the glass substrate is visible in the case of the pristine
unmodified substrate (inset Figurela). Upon polymerization, acrylic-based resins used in TPP-
DLW undergo a certain amount of shrinkage, which is unavoidable since it is a direct
consequence of the chemical process that creates the stiff and self-supported material required
for 3D printing.”” The results in Figure 1(a) point to the fact that the shrinkage-induced stresses
that develop within a printed part in TPP-DLW are of sufficient magnitude to overcome the
fracture energy of the interface, which is related to the adhesion force that keep the
microstructures attached to the pristine substrate.

To quantify these forces and measure the adhesion enhancement observed with modified
glass substrates (Figure 1b), we perform force-position measurements on TPP specimens similar
to the ones shown in Figure 1 by means of a MEMS-based force-sensing probe system
(FemtoTools AG). The sensing probe (FT-S200) employed in the setup is calibrated to measure
forces from nN to mN. The polymeric samples are tested by applying a shear displacement.
Specifically, the side face of each cube is pushed with increasing displacement until the cube
itself is dislodged from the substrate. The direction of the applied displacement is normal to the
cube side, and parallel to the substrate. An image recorded with an optical microscope in
reflective mode showing the force-sensing probe pushing on one of the TPP microstructures is
shown in the inset of Figure 2 (a).

The force-displacement curves obtained from microstructures attached to unmodified
glass substrates are considerably different from the ones obtained from microstructures attached
to modified glass substrates. Representative curves that underscore this difference are shown in

Figure 2 (a), where polymeric cubes with side lengths of 10 um are tested. As expected, no
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significant force is measured before contact between the polymeric cubes and the MEMS-based
probe occurs. In the instance of an unmodified glass substrate (dark grey shade), as soon as
contact is engaged, the applied force increases rapidly with minimum displacement of the probe.
When the applied force exceeds the adhesion force between polymer and glass, the probe begins
again to measure displacement with virtually no force. This is because the microstructure is no

longer anchored to the substrate.
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Figure 2. (a) Shear force measurements of polymeric cubes fabricated by TPP-DLW on unmodified (dark
shade gray plot) and modified (light gray shade plot) glass substrates. In both cases, cubes of side lengths
of 10 um are tested. The horizontal dashed lines identify the force maxima required to dislodge the
microstructures from the substrates. Light microscopy image of a force-displacement experiment
conducted on a cube with a side length of 30 um is shown in the inset. The force sensor is the bright
trapezoidal structure on the right of the image. Post-mortem SEM images of TPP microstructures
fabricated on unmodified (b) and modified (c) substrates. A clear sign of plastic deformation due to the
contact with the force sensor is visible only on the microstructure fabricated on the modified substrate.

The scale bars in (b) and (c) are 5 um.

The force required to detach the TPP microstructure from the unmodified glass is the
maximum shear force, which in this case measures around 1,200 uN (dashed horizontal line).
When a cube is attached to a modified glass substrate, a considerable increase in the maximum
shear force (~ 3,200 uN) is observed instead (light gray shade). This result can be explained by

the stronger adhesion between the polymer and the substrate due to the silane coupling agent



used to modify the glass surface.”® Besides the disparity in shear force maxima, the evolution of
the force-displacement curves is quite different between the two samples. The work needed to
remove the polymeric cube from the modified substrate (i.e., the area under the force-
displacement curve) is considerably larger than the work needed for the same job on an
unmodified substrate. Furthermore, while the polymeric cube on the unmodified substrate
remains elastic throughout the deformation and separates from the substrate in a brittle manner
(as indicated by the vertical slope of the load drop in the load-displacement curve), the polymeric
cube attached to the modified substrate undergoes plastic deformation before being detached
from the substrate, as shown by the change in slope (stiffness) in the force-displacement curve at
a force of ~ 2,500 uN. Assuming a uniform shear stress across the sample and a sample area of
100 pm?, this corresponds to a yield strength in shear of F/4 = 25 MPa. Using the simple Von

Mises yield criterion,”’ this number gives a yield strength in compression of gy = \/§Ty =

43 MPa. This value is of the same order of magnitude as that reported in Bauer et al. for the
same material,”” indicating that the test setup reasonably approximates a pure shear test. The
same sample also shows evidence of ductile fracture from the substrate, as indicated by the
negative slope of the load drop in the force-displacement curve. In agreement with these
findings, post-mortem analysis of the polymeric cubes, using SEM (Figure 2 (b) and (c)), reveals
that microstructures on the unmodified substrate maintain the initial shape, while microstructures
on the modified substrate present permanent deformation.

At the length scales involved in TPP-DLW, the surface of the substrates can be
considered smooth and chemically homogenous. Consequentially, the adhesion of polymeric
microstructures to glass slides is expected to scale linearly with the size of the contact area. To
prove this assumption, we have fabricated a series of polymer cubes by TPP-DLW ranging in
side lengths from 7.5 um to 50 pm on modified and unmodified substrates. Using the
methodology described earlier, we have measured the maximum shear force needed to dislodge
the microstructures from the glass slides. The results are summarized in Figure 3, where this
value is now named the adhesion force. For both substrates, a growth in adhesion force is
observed as the size of the polymer structure increases. Independently of their size,
microstructures printed on the modified substrate are all attached to the glass slide with a
stronger bond compared to microstructures printed on the unmodified substrate. Interestingly, the

data in Figure 3 follows a linear relationship (continuous line) for smaller polymeric cubes only.



As the microstructures grow in size, a negative deviation of the shear force maxima from the
linear dependence is observed for both substrates. Taken together, the data follows a simple
power function (dashed line) of the form y = a'V/x, where the power coefficient n determines the

rate at which the shear force maxima decrease with growing cube sizes.
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Figure 3. Dependence of the adhesion force (see text for definition) between TPP microstructures and the
glass substrates as a function of the contact area. Data from modified and unmodified glass slides are
displayed in red and blue, respectively. The continuous lines are linear regressions that use solely the first
three data points corresponding to cube microstructures with sizes of 7.5 um, 10 pm, and 12.5 um. The
dashed lines are regressions of all the data based on a power function.

This behavior indicates a decrease in the average interface strength as the sample size is
increased, and can be attributed to the presence of imperfections (nano-cracks).” In the
particular case of TPP microstructures printed on glass surfaces, two phenomena contribute to
the presence of nano-cracks. The first one is the less-than-ideal conformal contact at the interface
due to the line-by-line writing method used to build the parts. The second one is the shrinkage-
induced stress that follows the radical polymerization of acrylic-based resins such as IP-Dip.”
These nano-cracks have the overall effect of decreasing the area that the polymeric
microstructure shares in contact with the substrate, i.e. the effective contact area with the glass
slide is smaller than the one obtained by the microstructure’s dimensions. The aforementioned

causes of the nano-cracks are dependent on the size of the polymeric microstructure area in



contact with the substrate. Therefore, both the density of the nano-cracks and their propagation
during the shear stress tests are proportional to the size of the microstructure.

Figure 3 provides two numbers that quantify the amelioration of TPP microstructures’
bonding to glass when using an adhesion promoter. For small objects, the impact of nano-cracks
on adhesion is negligible and the slopes of the linear regressions provide the force per unit area
required to detach the polymeric microstructures, i.e., the average strength of the interface. For
modified and unmodified substrates these numbers are 29 uN/pum” and 12 pN/pm?, respectively.
This sizable improvement clearly explains the results shown in Figure 1. As the printed objects
become larger, the effect of the nano-cracks on adhesion cannot be ignored anymore.
Nonetheless, the rate at which the experimental data deviates from the expected linear behavior
is larger for the unmodified substrate than for the modified one. Specifically, the power
coefficient »n is 1.32 and 1.08 for the pristine glass and the glass modified with the silane agent,
respectively. Thus, the adhesion promoter used in the modified substrates offset the detrimental
effect polymer shrinkage-induced stresses inflict on the ultimate bonding between the
microstructures and the substrate.

The experimental data presented so far establish that the adhesion of TPP microstructures
to glass substrates can be enhanced by using a silane coupling agent. To understand the
mechanism by which this enhancement occurs, the different types of forces that play a role in
bond creation at the interface must be examined.*® For this reason, we have determined the
surface free energy (7)) of both the unmodified and modified glass substrates by means of a
contact angle goniometer (Attension Theta Lite, Biolin Scientific). Values of y for the different
substrates are obtained at room temperature by measuring the contact angles of test liquids
whose surface tensions are known (water and diiodomethane) and fitting the results using the
OWRK/Fowkes model.”> The measurements reveal similar surface free energies for the
unmodified and modified glass substrates. Specifically, Yimodifiea = 45.1 mN/m and Yodifica = 49.5
mN/m. Since the surface tension of IP-Dip is 37.7 mN/m, these results establish that a
thermodynamic mechanism is not adequate to explain the observed enhancement in adhesion.
Moreover, if only dispersive and polar interactions were used to describe the thermodynamics of
adhesion,’® then a result opposite to the one measured would be expected since Yanmodified 1S

closer to the resin’s surface tension than %,odified-



Based on this finding, we propose that the main contributor to the observed adhesion
enhancement of TPP microstructures on glass substrates is the formation of covalent bonds
between the polymer and the substrate itself that occur during the photopolymerization process.
This is possible because of the acrylic moieties that are added to the glass surface upon its
modification. In essence, the silanization of the glass surface creates a chemical bridging
between the polymeric microstructure and the inorganic substrate. Although spectroscopic
studies will have to be implemented to experimentally verify this hypothesis, a simple
calculation can be used to corroborate this scenario. The energy necessary to detach a
microstructure from the substrate is simply the integration of its force/displacement curve
(Figure 2). For a polymer cube with a size of 10 um printed on a modified glass substrate, an
energy of 6-10"% kI is found. The density of hydroxyl groups for a glass surface is ~ 7/nm>.*’
Considering that during surface modification every acrylic moiety is linked to three hydroxyl
groups and that the Si-O bond has a strength of 452 kJ/mol, the energy required to detach a
polymeric cube with a size of 10 pm printed on a modified glass substrate is calculated as 2-10™"
kJ. The measured and calculated energies are of same order of magnitude (assuming that the
chemical bond broken during the detachment of the two parts is the Si-O one between the silane
coupling agent and the glass surface). Furthermore, the larger value for the measured energy can
be explained by taking into consideration that some of the shear force is damped by the

microstructure through elastic deformation.
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Figure 4. SEM images of microstructures fabricated by TPP-DLW followed by pyrolysis. Each column is
defined by the size of the original cube side length. The two rows correspond to microstructures printed
on unmodified and modified substrates. The images were taken at different magnification. The scale bar
is 5 pm for all the images.



To demonstrate the impact that surface modification of substrates can have on the
survivability of microstructures made by TPP-DLW, we have performed a comparison among
microstructures printed on modified and unmodified substrates after they underwent pyrolysis.
During pyrolysis, polymeric microstructures are thermally decomposed in vacuum at
temperatures in the range of 1,000-3,000 °C. The result is the transformation of the acrylic-based
material into a disordered carbon allotrope known as glassy-carbon. Hence, by means of TPP-
DLW and subsequent pyrolysis, microstructures with significantly enhanced physical properties
can be obtained.”> The formation of glassy-carbon microstructures is accompanied by an
isotropic volume shrinkage that can reach values as high as 90%. Although this effect is
exploited in TPP-DLW to create ultralight microstructures with sub-100 nm feature sizes, it also
causes the delamination of the parts from their substrates. That is, during pyrolysis,
microstructures tend to detach from the substrates because of the shrinkage-induced stresses that
are very asymmetric at the polymer/substrate interface. The SEM images in Figure 4 prove that
the surface modification of TPP-DLW substrates described earlier has a positive effect on the
ability of TPP microstructures to survive pyrolysis as well. Four test cubes are printed on
unmodified and modified substrates.

All print jobs are carried out using the same experimental conditions; the only difference
is the overall size. Cubes with side lengths of 10 um, 20 pm, 40 um, and 50 um are tested. The
side of the polymeric cube that is in contact with the substrate experiences an amount of
shrinkage during pyrolysis that is much smaller than what is experienced by the rest of the
polymeric cube, thus, explaining the shapes of the microstructures shown in Figure 4. While
microstructures larger than 20 um all fail (detach from the substrate) during pyrolysis in the case
of unmodified substrates, microstructures with a base as large as 50 um remain intact during

pyrolysis when printed on modified substrates.

IV. Summary

In summary, we present a method to quantitatively measure the forces involved in the
adhesion of microstructures fabricated by TPP-DLW to glass substrates. This methodology is
used to compare the adhesion between pristine glass substrates and substrates modified with a
coupling silane agent. A prominent adhesion enhancement is observed and measured.

Furthermore, the results found in this study are applied to TPP microstructures that are turned
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into glassy-carbon microstructures via pyrolysis. The results in Figure 4 are promising for
overcoming shrinking of TPP-DLW parts following pyrolysis, possibly offering an approach for

the fabrication of larger mechanical metamaterials.
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