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Abstract

A photolithographic technique based on dry film photoresists for facile and low-cost
patterning of microcantilever beams is presented. Dry film photoresists enable instantly
homogenous photoresist coatings on flexible and 3D patterned substrate surfaces, represented
here by microcantilever beams, which is otherwise challenging if conventional spin-coating of
photoresist is utilized. Compared to alternative microtechnologies, such as focused ion beam
milling or resist spray coating, our strategy is far less elaborate, fully compatible with routine
additive and subtractive microfabrication processes and can be readily scaled. We show
specifically microcantilever shape modification by CF4 reactive ion etching, localized metal
deposition in combination with conventional lift-off procedures as well as a utilization of
patterned dry film photoresists as permanent microstructural elements. These microstructural
elements are in particular flat-ended cylindrical dry resist micropillars created at the
freestanding end of the cantilever beam that can be employed as scanning probes. The resist
pillars enabled imaging of a 3T3 mouse fibroblast cell culture surface to determine their elastic
force constants. Alongside UV-exposure by a conventional mask aligner, we also demonstrate
dry film photoresist exposure by contact-free laser lithography eliminating possible substrate
damage by photomask contact.

Keywords: microcantilevers, negative resist, AFM, cell elasticity, dry film photoresist,
lithography
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(Some figures may appear in colour only in the online journal)

1. Introduction where local interaction forces between the sample surface and

a sharp tip situated on the cantilever’s free end are exploited
Microcantilever based sensors have seen a surge in popularity  to reconstruct the nanoscale surface profile. Cantilever tips
going along with the invention of atomic force microscopy are furthermore prominent tools to measure micro- and nano-
(AFM) and consequent availability of microfabricated canti- mechanical properties comprising cell elasticity and molecular
lever beams [1]. By microcantilever beam we imply here a  binding forces in so-called force spectroscopy. For the detec-
suspended microstructure having a much smaller thickness  tion of chemical or biochemical species, tipless cantilevers are
and width compared to its length, which typically ranges more common and do not involve AFM raster scanning of a
between 100 to 300 pzm. Perhaps the most well-known canti-  surface. One side of the cantilever is here typically homog-
lever sensor application is topography mapping in AFM, enously coated with a marker layer able to specifically bind
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certain molecular species. This results either in a shift of the
cantilever resonance frequency, or in a mass and medium den-
sity induced change of the beam deflection [1]. Contrary to
a homogenous cantilever coating are specifically patterned
coatings to realize for instance complex sensor designs, the
implementation of electrodes or an integration of multiple
functional materials on the freestanding microcantilever
[2-9]. In principle, well-established photolithography is a rel-
atively efficient method to realize material micropatterning.
Nevertheless, conventional direct spin-coating of liquid
photoresists onto freestanding, flexible, and 3D-structured
cantilevers is rather challenging mainly due to so-called edge-
bead effects [10, 11]. These edge-bead effects result in an
inhomogeneous resist layer thickness, which typically yields
dissatisfying results for resist exposure and development.
Fabrication of desired microstructures on the prospective
freestanding microcantilever beam 1is therefore, realized
in most cases prior to cantilever fabrication, meaning prior
to its bulk substrate release. Although this strategy appears
straightforward, the overall material compatibility must be
matched within the entire fabrication process, which means
for instance that required dry and wet etching steps for the
cantilever release shall not damage the previously patterned
functional materials.

In order to tackle these challenges, some strategies were
already presented elsewhere. Those methods comprise focused
ion beam (FIB) milling [12], ice resist [13] and resist spray
coatings of either photo- or electron beam sensitive resists
[14, 15]. Despite the fact that nanometer resolution can be
reached by both, electron beam lithography and FIB milling,
their overall technological availability, the overall costs and
the significant time-consumption limit their usability with
emphasis to device yield and batch fabrication. What has yet
to be demonstrated is therefore a simple and cost-effective
strategy enabling photolithography directly on non-planar,
freestanding, flexible surfaces such as microcantilever beams,
which would widen and ease the microfabrication of novel
electro-mechanical microsystems significantly. Based on dry
film photoresists, which can be directly attached to a substrate
by plain thermal lamination, this challenge can be addressed.

The general principle of the strategy presented here is in its
core similar to a method presented by Chang ef al [16] who
fabricated 200nm thick solid electron-sensitive PMMA dry
film photoresist sheets by spin-coating. These PMMA films
were directly transferred onto various non-planar substrate
surfaces such as edges, silicon nitride bridges and deposited
gold wires, followed by conventional electron beam lithog-
raphy, metal deposition and resist lift-off. Instead, we take
advantage of optical dry film photoresist lithography (DFPL)
to pattern freestanding microcantilever beams using negative
tone dry epoxy photoresist films. The dry film photoresists
exhibit already a superior homogeneity in film thickness and
are commercially available in contrast to electron sensitive
dry film photoresist. The dry film photoresists implemented
here are compatible with conventional UV-source mask
aligners and direct writing contact-free UV-laser lithog-
raphy. They enable therefore rapid, affordable, reproducible
and reliable microfabrication at a large scale in comparison

to the aforementioned competing methods. Specifically, we
show DFPL applicability for the customization of in-house
fabricated tipless silicon nitride cantilever beams, as well
as commercial silicon nitride AFM cantilevers with pyram-
idal scanning tips. The in-house fabricated probes are also
compatible with conventional AFM. In order to modify the
freestanding microcantilever beams both, subtractive or
addictive microfabrication processes are demonstrated. In this
regard, we show for instance the implementation of the dry
film photoresists as a protective mask for CF, plasma reactive
ion etching (RIE), allowing precise etching of cantilevers, as
well as their use in combination with metal deposition and
conventional wet lift-off to create customized metal patterns.
Finally, the efficient creation of flat-ended cylindrical dry pho-
toresist pillar tips on in-house fabricated microcantilevers is
demonstrated as well as their successful employment in cell
elasticity measurements of 3T3 mouse fibroblasts.

2. Material and methods

2.1. In-house fabrication of AFM compatible tipless silicon
nitride microcantilever beams

The in-house fabrication of tipless silicon nitride microcanti-
lever beams on 1.5 x 3.5mm AFM-sized probe bodies is
illustrated in detail in figure 1. As initial substrate, a 4 inch
single-crystalline 380 pm thick (100)-Si wafer with 1 ym
double-side coating of low-stress silicon nitride deposited
by low-pressure chemical vapor deposition (purchased from
MicroChemicals GmbH) was diced into pieces of up to
30 x 30mm?. Each chip is able to carry a maximum of 28
cantilever probes. Our strategy compromises the direct fabri-
cation of microcantilevers by a localized dry etching of silicon
nitride membranes created by wet-chemical KOH etching of
the silicon substrate starting from the backside of the sample.
Initial probe patterning was realized by conventional pho-
tolithography using the photoresist AZ 5214E, spin-coated
at 4000rpm for 60s on both sides of the wafer, and subse-
quently baked for 90s at 110 °C under ambient conditions.
The sample backside was brought into contact with an appro-
priate quartz photomask and exposed 30's using a 4 inch mask
aligner operating at 405nm wavelength (Siiss MJB4 mask
aligner, 4 mW cm™2). After exposure, immersion development
was performed using the AZ 726 MIF developer. The silicon
nitride film present on the developed side was then locally
removed in areas that were not protected by the photoresist
utilizing a 20 min RIE (Plasma Therm, Model 2484) at a flow
of 50sccm CFy at 5.33 - 1072 mbar working pressure (600 W
power, figure 1(b)). The photoresist was finally removed in
acetone. The remaining patterned silicon nitride films act as a
hard mask in the following chemical wet-etch of silicon per-
formed at 80 °C for 8h in 20 wt % KOH dissolved in a 2:1
solution of water and isopropanol. After silicon etching from
the backside through the entire wafer, the 1 ;sm silicon nitride
top-layer persisted locally as silicon nitride membranes (fig-
ures 1(c) and (d)).

These local membranes resemble the substrate for the
microcantilever beam patterning within a subsequent etching
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Figure 1. Fabrication schematic of the in-house microfabrication process of tipless silicon nitride cantilever probes. (a) Starting material

is a 380 pm thick (100)-Si wafer, with a 1 um low stress silicon nitride coating (LPCVD-Si3Ny4) on both sides. (b) By conventional
photolithography using spin-coating of a positive liquid photoresist, UV-exposure using mask aligner and resist development, silicon nitride
is partially etched by CF, plasma RIE revealing the silicon substrate underneath. (c) The remnant silicon nitride subsequently functions

as a hard mask when the sample is immersed in 20 wt % KOH solution where silicon undergoes anisotropic chemical wet-etching.

(d) Silicon nitride membranes are clearly visible after completion of the KOH etching when flipping the sample to its frontside. Shown are
all the 4 x 7 prospective cantilever probes and the intact silicon nitride membranes. (e) Cantilevers are fabricated from these membranes
employing conventional photolithography and a liquid photoresist on the planar substrate surface. Resist development is followed by RIE of
the silicon nitride membranes with CF, plasma. Resist removal takes place in warm NEP, finally producing clean silicon nitride cantilevers
on an AFM sized probe body as seen in (f), with 1 gm scale bar. Prior to the cantilever modification, the probes are mechanically released
from the main substrate by means of the predetermined breaking points.

step. Here, the photoresist AZ 5214E was again spin-coated
on the planar membrane substrate surface, exposed with the
cantilever design, developed and dry-etched by RIE in a CFy-
plasma following the aforementioned manner. This process
yields finally tipless microcantilever beams of approximately
1 pm in thickness (figures 1(e) and (f)). A complete resist
removal necessitated immersion in 100 °C N-Ethyl-2-
pyrrolidon (NEP), followed by oxygen plasma etching at
9sccm flow of O, at 1.33 - 10~! mbar pressure (95 W power)
for 20 min (Plasmalab, p-etch). The length of the microcanti-
levers was systematically varied between 150 pm and
200 pm, and the width between 60 um and 70 pm, as repre-
sentative dimensions of commercial AFM cantilever beams.
After cantilever modification by DFPL as described in the fol-
lowing sections, gentle mechanical pressing onto the body of
the cantilever probes released them from the bulk substrate by
fracture at predetermined breaking points (figure 1(f)).

2.2. DFPL on in-house fabricated cantilevers

After dehydration of the in-house fabricated cantilever sample
substrate on a hotplate at 130 °C for 10min, the backside
protective liner of the negative tone dry film photoresist
(ADEX"™, DJ MicroLaminates) was removed and the resist
was mechanically pressed to a corner of the bulk substrate
but not the microcantilever beams themselves. We used either
5 pm or 25 pm thick dry film photoresists in this work. Roller
lamination of the dry film photoresist was performed at
65 °C, at a speed of 400mm min~' (SKY-DSB 335R6
laminator) utilizing a 1.0mm thick aluminum carrier plate
followed by an additional annealing step at 50 °C for Smin on
a hotplate. In this manner, the dry resist films were reproduc-
ibly attached to the in-house fabricated microcantilevers. The
topside protective liner was subsequently carefully removed
prior to DFPL UV-exposure. The resist resolution is naturally
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governed by the utilized exposure wavelength as well as the
resist thickness. Thin 5 pm thickness negative tone dry film
photoresists yield typically 2 pm resolution while thicker,
25 pm resist films can reach approximately 5 pm resolution.
Soft contact UV-exposure using a Siiss MJB3 mask aligner
equipped with i-line filter (power density 5.5 mW cm~2) was
done for 40s and 80s for 5 pum and 25 pm thick dry film pho-
toresist, respectively. A post-exposure bake at 85 °C for 20 min
was immediately performed successive to the UV-exposure.
After cooling down the sample to room temperature, resist
development was achieved in cyclohexanone within 3 min and
7min for 5 pm and 25 pm thick resist films, respectively fol-
lowed by an isopropanol rinse.

2.3. DFPL on commercial silicon nitride cantilevers by mask
aligner or laser lithography

For the modification of commercial microcantilevers, sil-
icon nitride AFM probes (PNP-DB, NanoWorld) with
pyramidal tips of 3.5 pm height at the end of 500nm thick
microcantilevers were directly used as substrate material.
These cantilevers come with a 70nm thick reflective Cr/Au
coating, which either before or after any etching modification
was removed by immersing the sample in Lugol’s solution
for 10s. The commercial cantilever probes were furthermore
purchased as single pieces meaning they were not attached
to a supporting structure anymore. In order to handle these
probes and facilitate the application of the dry film photore-
sists, a plain adapter was manufactured. Here, a 500 pm thick
(100)-Si wafer, which equals the AFM probe thickness, was
diced at first to 20 x 20mm pieces. Successively, a rectan-
gular slit of 6.0mm by 1.7mm was made by laser cutting to
retain the AFM probe having a probe body size of 3.4mm
by 1.6mm. This adapter together with the commercial canti-
lever as well as a carrier glass slide were all cleaned in NEP,
acetone and isopropanol, followed by dehydration at 130 °C
for 10min on a hotplate. The adhesive Crystalbond 555 was
applied immediately after the dehydration to fix the canti-
lever chip and adapter to the glass slide as shown in figure 2.
Dry film photoresists of either 5 ym or 25 pm thickness were
manually transferred and attached to the sample but omitting
the aforementioned thermal roller laminator. Within this pro-
cedure, first the bottom protective liner was removed from
the dry film photoresist and one corner of the film was firmly
attached to the silicon adapter. The sample was then placed on
a 68 °C hotplate causing thermal self-attachment of the dry
film photoresist. A cotton swab was used to support homo-
geneous film adhesion but without putting too much pressure
within the freestanding microcantilever region. After an addi-
tional annealing step of Smin at 50 °C to further promote dry
resist adhesion, the sample was placed on a stack of tissues
and allowed to cool down to room temperature under ambient
conditions. The remaining protective topside liner was sub-
sequently gently removed. Reliable liner removal without
partial dry film adhesion loss from the cantilever and tip was
in some cases challenging, probably caused by the thick-
ness difference between the silicon adapter and the cantilever
probe. In this case the sample was repeatedly placed again on

Silicon adapter with

dry photoresist film

Commercial I |

antilever probe =
Phe

Glass slide

Figure 2. DFPL of commercial AFM cantilever probes requires
an adapter to host the sample and to support dry film photoresist
attachment. Shown on the left is the 20 x 20 mm? silicon adapter
with the cantilever probe. Crystal bond was used as an adhesive
to fixate the adapter and cantilever probe on a glass slide. The
applied 5 pm dry film photoresist shown here adheres properly to
the two microcantilever beams (right image) after removal of the
upper liner. A complete elimination of air bubbles on the probe
as indicated is difficult as hot roller lamination was not possible.
Nevertheless, air bubbles were not observed on the cantilevers
themselves.

the hotplate and annealed between 55 °C to 65 °C for a couple
of seconds after removal of the protective topside liner until
adequate adhesion was achieved. Exposure of the dry film
photoresist was performed as described before in section 2.2.

Contact-free laser lithography of 25 pm dry film pho-
toresists was also employed in conjunction with commercial
cantilevers, using the same methods compared to the mask
aligner exposure with respect to dry film photoresist adhesion,
baking, and development. For laser lithography a pPG 101
micropattern generator (Heidelberg Instruments) equipped
with a 375 nm UV-laser source was used to expose and align
the pre-assembled sample, using 3.8 mW laser power and
5mm? min~! writing speed. The commercial probe contains
four cantilevers, two at each opposing side. Opposing corners
of the probe body as well as outer edges of each individual
cantilever were manually chosen and served as alignment
markers for the CAD-file exposure. The focus was manually
set on the microcantilever beam. Laser lithography exposure
was used to create a series of cylindrical pillars on commercial
cantilevers, however those pillars were not used for the cell
measurements and serve here only as a proof of concept of
laser exposure of the dry film photoresists. In the following,
unless otherwise stated, all fabricated structures on both in-
house and commercial cantilever beams were fabricated using
conventional mask aligner UV-exposure.

2.4. Post-modification procedures of freestanding
microcantilever beams

2.4.1. RIE of cantilevers. Etching patterns into in-house fab-
ricated and commercial silicon nitride cantilever beams was
accomplished by CF,4 plasma RIE for at least 15 min with set-
tings already mentioned in section 2.1. The developed 5 um
thick dry film photoresist acts here as a stable etch mask. The
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(b)

©

Figure 3. (a) Illustration of a dry film photoresist pillar on an in-
house fabricated silicon nitride cantilever beam having a length of
150 pm and a width of 65 pm. The fabricated pillars were all 25 ym
in height, with diameters varying from 5 pm to 20 pum. A distance
of 10 um was kept between the end of the cantilever and the
outermost edge of the pillar. Figures (b) and (c) show hardbaked dry
photoresist pillars using a photomask corresponding to a perspective
5 pm pillar diameter with and without utilized i-line filter during
exposure, respectively. Scale bars 5 pm.

dry film photoresist was subsequently removed after RIE by
immersing the samples in NEP at an elevated temperature of
100 °C. Any resist residues on the cantilevers at this point
could be removed by an oxygen plasma treatment using the
aforementioned settings in section 2.1.

2.4.2. Metal deposition and lift-off on cantilever beams. Metal
patterns were created by the well-established lift-off proce-
dure using 5 pm thick patterned dry film photoresists and
physical vapor deposition of metals after resist development
on in-house fabricated and commercial cantilevers. For metal
deposition, a thermal electron-beam evaporator (Temes-
cal FC-1800) was used to deposit first Snm titanium as an
adhesion promotor followed by 100nm aluminum. Lift-off
was performed by immersing the sample in 100 °C NEP for
approximately 1 h.

2.4.3. Dry film photoresist as structural elements on cantile-
ver beams. In order to create single polymer pillars at the
end of freestanding in-house fabricated microcantilevers,
25 pm thick dry film photoresists were used. Here, a circular
area located 10 ym away from the freestanding end of the
microcantilever beam (figure 3(a)) was exposed as described
in section 2.2. One should be aware that the developed resist
structures could potentially exhibit negative sidewalls, com-
monly referred to as so-called 7T-topping. This effect origi-
nates from strong absorption of UV-light below 350 nm in the
resist surface [17], just as with the more common negative
tone epoxy liquid photoresist SU-8. For this reason, we used
an i-line filter to remove this part of the spectrum yielding
sidewall angles much closer to 90° (figure 3(b)). Removal
of the i-line filter triggers consequently the T-topping effect
and enables a fabrication of pillars with negative sidewalls if
desired (figure 3(c)). The resulting maximum diameter at the
top of the pillar is more than doubled compared to the pil-
lar shown in figure 3(b) that was exposed with an i-line filter.

Nevertheless, in this work only pillars with straight sidewalls
were in particular studied and used for cell measurements.
Following resist development, pillars of dry film photoresist
remain standing upright and were subsequently hardbaked
at 175 °C during 1.5h and gradually cooled down to room
temperature to increase their mechanical and chemical stabil-
ity. Various pillar diameters such as 5 ym, 10 gm, 15 pm and
20 pm were fabricated in this manner. To assure full compat-
ibility with conventional AFM operation, a 5nm Ti adhesion
layer and 40nm Au layer were deposited by thermal evapora-
tion on the cantilever backside as a reflective coating for laser-
optical cantilever readout in the AFM.

AFM compatible cantilevers with resist pillars of 15 pum
in diameter were exemplary chosen to perform cell elasticity
measurements utilizing the JPK NanoWizard 4 on fixated
NIH-3T3 mouse fibroblasts (ATCC) in standard phosphate
buffered saline (PBS). The cells were grown overnight on
fibronectin coated cover glasses, subsequently treated with
4% formaldehyde in PBS for 120 min and washed three times
in PBS.

Data evaluation was done using the internal JPK data pro-
cessing software which assumes the so-called Sneddon and
Harding’s contact model [18]. Following this model, for a
flat-ended circular cylinder of radius a, here the dry film pho-
toresist pillar radius, the loading part of force-distance curves
are analysed to extract the elastic Young’s modulus according
to equation (1):

2E
12
where F is the force, E is the Young’s modulus, v is the Poisson
ratio (set to 0.5), and ¢ is the indentation depth.

The hardbaked dry film photoresist pillar has a Young’s
modulus of 1 GPa order of magnitude as stated by the manu-
facturer (DJ Microlaminates).The 3T3 mouse fibroblasts are
expected to have an elastic modulus in the range of 1-100 kPa
[19]. Since the elastic modulus of the dry resist pillars is
orders of magnitude larger than the modulus of the cells, the
Young’s modulus, E in equation (1) should directly corre-
spond to the Young’s modulus of the cells. Equation (1) is
the closest available approximation offered by the software
for performing data analysis, and notably, disregards the
cantilever probe inclination of 12degrees to the horizontal
surface. Nevertheless, further work is required in future to
fully validate and improve the model with respect to our large,
flat-ended cylindrical pillars.

F - as (1)

3. Results and discussion

Based on the aforementioned procedures, various etch pat-
terns were realized for both in-house and commercial
silicon nitride cantilevers. Etching of the cantilevers allows
to alter their overall shape or to create certain 3D patterns
on the cantilever beam itself. This is exemplary shown in
figure 4, where holes of different diameter and arrangement
were fully etched through the freestanding microcantilever
beams. The depicted example was also chosen to show the
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*— Pyramidal tip

Figure 4. Circular holes etched through silicon nitride cantilevers by CF, plasma RIE. (a) Displays a pattern of three 30 um diameter

holes etched through an in-house fabricated cantilever as viewed from above. Due to the manner of in-house cantilever fabrication by RIE
of silicon nitride membranes the probe body displays silicon (Si) where silicon nitride has been etched. The corresponding side view (b)
shows that the cantilever remains straight after etching and cleaning processes, and with the corresponding inset revealing the undercut as

a step in the hole profile due to isotropic etch reactions. This undercut is approximately 700 nm when viewed from the top, however the
length of the undercut was generally found to vary along the length of the beam and with the size of the holes. (c) and (d) Show the top- and
side views of a commercial cantilever into which six holes of diameters between 3 pm and 11 pm were etched. Scale bars 20 pm, beside

1 pm scale bar of the inset in (b).

partly observed under-etching in the silicon nitride (figure
4(b)). Samples etched with CF, plasma for 15min exhibit a
maximum undercut depth between 0.2 ym and 0.9 ym. The
amount of under-etching increased with increased diameter of
the circular hole, and with the distance away from the base
of the cantilever. This effect is likely caused due to a certain
adhesion loss of the dry resist at the extremities of the flex-
ible cantilever beam. Etching methods with higher anisotropy,
such as RIE with an inductively coupled plasma source [17],
should significantly limiting under-etching. For our experi-
ments, we found that an addition of 22 sccm Ar to the RIE
process, while keeping all other etching parameters constant,
decreased the intensity of the undercut by a factor of 2-3.
Custom etched structures could serve to accomplish
complex MEMS structures and enable calorimetric spectr-
oscopy [12], to tune cantilever resonance frequency [20] and
to improve mass detection sensitivity [21, 22] to mention a
few application scenarios. Notably, both in-house fabricated
and commercial microcantilever beams kept their original
angular alignment despite etching and cleaning, which ena-
bles still their full compatibility with the intended sensor
and AFM applications. In order to etch through commer-
cial cantilevers, as mentioned before, the backside reflective
gold had to be removed. We found however that the AFM
laser signal reflected from the etched commercial cantilevers
was still sufficiently strong to perform AFM scans success-
fully. This may be explained by a few nanometers remnant

backside chromium, originally intended as adhesion layer for
the thicker gold film. Redepositing a new reflective gold layer
after commercial cantilever etching is therefore optional to
insure AFM compeatibility.

Advanced material pattering besides etching is furthermore
an integral requirement for the assembly of electronic and
sensing components, such as electrodes, on cantilever beams.
For applications where photolithographic micropatterning suf-
fices, DFPL offers as well a straightforward pathway to efficient
large-scale material integration on microcantilever beams.
As a general proof of concept, we show here the localized
deposition of circularly shaped aluminum patterns (figure 5).
Metal patterning was achieved, as mentioned before, by
conventional wet lift-off in NEP. In principle, DFPL is not
restricted in terms of the shape or size of the patterns as long
they are in alignment with the resolution limit. It even enables
metal deposition on cantilever beams that possess a pyramidal
scanning tip. Although the process worked on both, in-house
and commercial cantilevers, some commercial cantilevers
showed signs of metal film adhesion failure despite the pres-
ence of a titanium adhesion promotor. Further investigations
are still required to elucidate fully the reason of this issue.
In this regard, the 3D morphology of the pyramidal tip must
be discussed because adhesion loss was mainly observed
near the tip base (supplementary figure S1 (stacks.iop.org/
IMM/29/025014/mmedia)). Furthermore, commercial probe
DFPL modification requires the aforementioned adapter,
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Metal structures

Adhesion loss

Figure 5. Creation of circular metal structures of 100nm Al on silicon nitride cantilever beams: (a) top- and (b) side view of tipless in-
house fabricated cantilever, and (c) top- and (d) side-view of commercial cantilever probes with a pyramidal scanning tip. The exaggerated
side-view (d) reveals some adhesion issues on commercial cantilever probes closest to the tip. All scale bars 20 pm.

which affects photoresist film adhesion in comparison to in-
house fabricated cantilevers. Varying the adapter thickness
by only 5-10 um had a significant impact on the success of
DFPL modification. Here, adapters slightly thinner than the
thickness of the cantilever probe body yielded better dry film
photoresist adhesion and cantilever beam modification.

As discussed before, FIB milling, as demonstrated by
Lavrik et al [12], and FIB material deposition represent alter-
natives to DFPL. FIB techniques understandably offer superior
resolution in comparison to feature sizes of about 2 pm that
were achieved here with DFPL. However, as mentioned
before, FIB techniques are rather expensive, time-consuming
and hardly available when compared to the global avail-
ability of plain photolithography. Therefore, we believe that
this DFPL technique can represent an inspiring and versatile
basis for other researchers and small business manufacturers
to develop or enhance existing microcantilever beam sensors,
AFM probes and other flexible and 3D micropatterned comp-
onents. Photolithography allows readily to be scaled-up to
produce large quantities of a desired architecture. In addition,
alignment markers can be readily implemented, e.g. during
the microfabrication procedure of silicon nitride membranes
to cantilevers, and assist subsequently the adjustment of fur-
ther layers that shall be patterned by photolithography. A
precise alignment of a photolithographic design on single
commercial cantilevers is however more challenging using
conventional mask aligners, as effective alignment markers
are typically not present. Laser lithography enables however,
alignment of the exposure pattern rather precisely based on
certain cantilever features that serve as pseudo-alignment
markers (cf. figure 8).

For a continued application of modified AFM probes with
pyramidal scanning tips, the ability to perform AFM topog-
raphy scans still after their modification is crucial. Here, a
standard topography reference sample decorated with regular
pits (VGRP-GS from Bruker Nano) was imaged by virgin
PNP-DB AFM cantilevers, as well as by cantilever probes
modified by either etching (figures 4(c) and (d)) or metal
deposition (figures 5(c) and (d)). The scans were performed
in contact mode (Bruker Bioscope Catalyst AFM) and the
surface reconstructions by AFM (supplementary figure S2)
lacked any observable differences that would serve otherwise
as indication for a major tip geometry degradation.

After performing so-called zero order levelling on each
topography image (NanoScope Analysis Software), the root-
mean-square (RMS) roughness of the sample, excluding the
scan regions associated with the etch pits ranged between
0.4nm to 0.8nm. This demonstrates that the implemented
5 pm dry-photoresist films are capable to sufficiently protect
the sharp 3.5 pum high pyramidal tip during CF, etching or
metallization, and that DFPL impacts no significant influence
on the AFM probe capabilities.

Besides its use as lithographic mask, dry-photoresist films
can resemble functional elements themselves. Similar to the
well-established negative tone epoxy resist SU-8, dry film
photoresists can be used as a permanent protective layer, e.g.
to encapsulate electrical contacts or as shown here, directly
as a scanning tip or indenter. Based on 25 pm thick dry film
photoresists, single circular areas, yielding after hardbake
a flat-ended cylindrical pillar at the end of the freestanding
microcantilever beam, were fabricated. Flat-ended cylindrical
pillars with an aspect ratio as high as 1:5 were achievable
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(@)

Figure 6. Hardbaked dry photoresist pillars of 25 m height on in-house fabricated silicon nitride cantilevers. (a) Shows the entire
cantilever with a pillar of 15 pm diameter (scale bar 20 pm). Various pillars are shown in two different magnification with (b) 5 pm,

(c) 10 pm, (d) 15 pm, and (e) 20 pm diameter. All scale bars (b)—(e) are 2 ym. Bumps of approximately 0.4 ;sm diameter are present at the
sidewalls of all pillars regardless of their size, as well as an elevated outer rim around the top surface. The bright spots present around the
upper surface of the pillars in (d) and (e) originate from charging effects during scanning electron microscopy.

using 25 pm thick resist films. In principle, pillar diameters
of some hundreds of nanometers smaller than 5 pm are also
realizable with 25 pm dry film photoresist thickness, however
they showed frequently a tendency for complete or partial
bending. In order to further shrink down the pillar diameters
while keeping a vertical pillar alignment, 5 pum thick dry
film photoresists were used and enabled diameters down to
1.8 pum. In this regards, we emphasize again the need for an i-
line filter during the UV-exposure of the dry resist to avoid the
T-topping effect that would otherwise prevent straight side-
walls formation (see figure 3(c)).

Pillars of 25 pm in height having diameters of 5 pm,
10 pum, 15 pm and 20 pm are shown in figure 6. The results
show consistently an elevated outer rim on the top surface of
the pillar with a width between 0.6 pm to 0.8 um. Beside the
rim, the top surface can be mainly considered flat. Although
here of only minor importance, we also show one example of
a 10 pum diameter dry resist pillar (figure 6(c)), which exhibits
some bumps of sizes ranging between less than 0.1 pm to
0.4 pm diameter. The origin of these partly observed bumps
is still unknown. However, we speculate that they either origi-
nate from inherent features of the dry film photoresist or that
they form during dry resist film processing. The dry resist
pillar sidewalls exhibit consistently a rough surface structure
again of bumps between 0.3 yum to 0.4 pm diameter, which
was observed also prior to hardbake. For cell indentation with
the resist pillars as discussed shortly, the roughness of the
pillar sidewalls will likely not pose an issue, as the effective
contact area should be hardly affected by such small bumps.

To evaluate the AFM topography-imaging quality of the
resist pillars, a reference sample of silicon nitride with square
pits of 26.3 x 26.1 pm in dimension, and 235 nm depth was
fabricated. The sample was imaged in contact mode using an
11 pm diameter dry resist pillar. The obtained images were
compared to those acquired of the same sample but using a
cantilever with a sharp 3D scanning tip (Otespaw, Vecco).
Lateral tip-broadening effects were observed for the pillar

tip, as expected, since a larger scanning tip does not allow
accurate tracing of fine sample features. The vertical meas-
urements relating to pit depth were however in complete
agreement between the two scanning probe tips. With the
dry resist pillar, the slope of the pit sidewalls increased by a
factor of 7-8 compared to the Otespaw probe and therefore,
a decrease in lateral pit width of 25% was observed along the
scan axis when measured along the pit bottom (supplemen-
tary figure S3). Our observations are in agreement with simple
geometric considerations of a contact mode scan, where pillar
and cantilever are assumed to be rigid, and the pit sidewalls
are assumed to be completely vertical. Notably, no detrimental
plastic deformation could be observed by scanning electron
microscopy inspection of the pillar and cantilever after several
hours of AFM imaging.

As discussed before, the flat-ended pillars were particularly
designed for cell measurements. In comparison to probes
equipped with a conventional sharp pyramidal tip or with a
spherical indenter, flat-ended cylindrical AFM probes provide
some advantages. Notably, the contact area of pyramidal tips
will change significantly during indentation, which is also true
but assumed to be more defined for spherical tip geometries
[23]. In comparison to these tips, flat-ended cylindrical pillars
offer roughly a constant contact area in a wider indentation
range. This is especially important for adhesion measurements
that highly depend on the contact area between the probing
tip and sample surface [23-26] and for soft samples, such as
living cells, that would otherwise suffer from high local, and
potentially even destructive strains [23, 27]. These benefits
however are here intimately linked to a reduced lateral reso-
lution based on the larger tip radius in comparison to sharp
pyramidal AFM tips. On the other hand, cells can in principle
be considered as inhomogeneous entities that consist of sev-
eral components, which lead to a significant spatial variation
of elastic properties over the cell body [28]. Flat-ended probes
with larger surface area compared to sharp pyramidal tips
should consequently excel here in comparison at measuring
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Figure 7. (a) Topography image of fixated 3T3 mouse fibroblasts imaged using a 25 gm high, 15 pym diameter hardbaked dry photoresist
pillar on an in-house fabricated silicon nitride cantilever. The image indicates significant tip broadening of the cells due to the large pillar
diameter as compared to (b), where imaging was performed with a sharp pyramidal tip, consequently rendering a more accurate image of
the size and shape of a typical 3T3 mouse fibroblast. Notice that the scan areas as well as the cell densities in (a) and (b) are different. In
(c) the Young’s modulus image corresponding to the topography image (a) using the 15 pm diameter resist pillar is shown. It indicates a
homogeneous distribution of elastic moduli over the entire sample. The cell nuclei show slightly higher values, while the space between
cells appear slightly softer. The corresponding median and variation of the elastic modulus are represented by boxplots in (d) for the dry
resist pillar, and (e) for the sharp tip. Median values of 3.1 kPa and 82.7 kPa were found respectively.

the entire cell’s response or mechanical properties of tissue
rather than a local state [23, 28]. The impact of the tip geom-
etry onto the measured cell elastic properties is extensively
discussed elsewhere [23, 26, 29, 30]. Here, it was observed
that pyramidal tips generally tend to yield for instance a larger
elastic modulus caused by the strong local curvature of the
pyramidal tip apex compared to flat-ended or spherical tips,
however the topic is still debated. The determination of cell
adhesion as well as elastic properties implementing cylindrical
flat-ended silicon AFM probes was also shown previously
[24, 25]. Those tips were self-fabricated based on FIB milling
of commercial AFM probes. Flat-ended tips fabricated by
FIB milling are also commercially available (Nanosensors
PL2-series) and retail at roughly 2 to 3 times the price of con-
ventional tapping-mode silicon cantilevers (here comparing
with Nanosensors PPP-CONT and PL2-CONTR cantilevers).
Using dry film photoresists to make such flat-ended pillars
would substantially reduce costs. As a proof of concept for the
usability of these polymeric pillars, our in-house fabricated
scanning probes with hardbaked dry photoresist pillars were
exemplary used to image and measure mechanical properties
of 3T3 mouse fibroblast cell cultures. Typical fibroblasts are
30 pm in diameter and 5 pm in height. We chose therefore the
larger 15 pm diameter for a first demonstration of dry resist
pillars to perform mechanical measurements. The 15 pm pil-
lars provide a larger contact surface to the sample compared

to the smaller 5 pm pillars, despite a loss of lateral imaging
resolution. While the measured mechanical cell response
should originate from the entire cell, a lower lateral resolu-
tion was observed as expected (figure 7(a)). Imaging the cells
with a sharp pyramidal tip having a tip radius below 10nm
(MSNL, Bruker Nano) naturally provides higher image reso-
lution (figure 7(b)). Nevertheless, the measured cell heights
of 5 pum are consistent for both cases. The corresponding
Young’s modulus determined with the large diameter cylin-
drical pillars displays an approximately homogenous value
with a median of 3.1 kPa over the scanned cell area (figures
7(c) and (d)). In comparison to measurements performed with
the sharp pyramidal tip, where values of around 82.7 kPa were
determined (figure 7(e)). This value is of the same order of
magnitude as shown by Codan et al [19] and demonstrates
furthermore experimentally again the expected major influ-
ence of the tip geometry on the cell’s mechanical properties.
The variation in measured Young’s modulus with the sharp tip
(figure 7(e)) is also more than an order of magnitude higher
than what was found with the dry resist pillar (figure 7(d)).
Intuitively we can understand this greater variation in Young’s
modulus based on the high lateral localization of the sharp
tip with the cells. Not only does the sharp tip measure the
cells’ mechanical response at a smaller area, it is also capable
of punching into and through the cells, which suggests the
substrate onto which the cells are grown have a noticeable
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Figure 8. (a) Ensembles of dry photoresist pillars of diameters ranging from 5 ym to 11 gm were made on commercial AFM cantilever
probes by means of laser lithography. Straight resist pillars with diameters as small as 5 ;zm could be created. Scale bar 50 pm.
(b) Magnified area showing the top surface structure of an 11 pm diameter pillar. Scale bar 5 pm.

effect on the measured mechanical properties. The cylindrical
pillar is in contrary able to average the mechanical response
from a larger cell area, thus yielding a smaller variation in
the measured Young’s modulus. In conclusion, our results
indicate that cylindrical flat-ended tips on AFM cantilever
probes are usable for AFM measurements and appear benefi-
cial for averaging the Young’s modulus within a certain area.
Hence, these probes can be capable tools for the determina-
tion of the average mechanical properties of cell ensembles.
Nevertheless, an enhanced understanding of the mechanics,
working principles and geometry effects of the cylindrical dry
resist pillars for cell elasticity measurements are still required
and subject to further research.

Finally, we show results of DFPL using a laser lithography
device. Laser lithography is a contactless and therefore non-
destructive patterning strategy, whereas utilization of a mask
aligner with a sample brought in contact with a photomask
might potentially be harmful particular for fragile samples.
Laser assisted lithography is also more versatile than conven-
tional mask aligner photolithography since device designs
can be readily implemented without the need of a phys-
ical photomask. This allows quick implementation of new
designs and individual manufacturing. Shown in figure 8 are
hardbaked 25 pm tall dry photoresist pillars of various diam-
eters fabricated by laser lithography on commercial silicon
nitride cantilevers. Employing laser exposure produces pillar
sidewalls close to 90° that notably exhibit again bumps at
their sidewall, which appears to be an inherent feature of the
dry film photoresist. In comparison to conventional photoli-
thography, as discussed before, pillars of 5 pm in diameter
represent again the smallest mechanically stable structure.
A key benefit of laser lithography is that individual pattern
alignment and exposure can be realized with ease for indi-
vidual cantilever beams and even structural elements, which
provide further degrees of freedom in device design. The top
surface profiles of laser-exposed dry resist pillars as shown
in figure 8 differ however if compared to the aforementioned
mask aligner lithography (see figure 6). Pillars fabricated by
laser lithography do not display the effect of an elevated outer
rim (figure 8(b)). Additional exposure tests on planar silicon

10

nitride substrates with enabled pneumatic autofocus system,
which automatically focuses the laser onto the resist surface,
yielded again pillars similar to those fabricated by the mask
aligner. This indicates that the altered surface profile of the
dry resist pillars observed on the commercial cantilevers is
an effect of a manual focus setting of the laser beam, which
is naturally located at the cantilever surface, 25 pum below the
top surface of the dry film photoresist.

4. Conclusion

We have demonstrated DFPL directly on freestanding AFM
compatible silicon nitride microcantilevers. Compared to
competing methods, benefits are provided by the fact that only
plain optical lithography systems and a thermal laminator are
required, which is furthermore linked to a potential reduction
in cost and time. DFPL avoids in particular the commonly
encountered issue of resist edge-beads and inhomogeneous
resist coverage during liquid resist spin-coating on free-
standing 3D microstructures.

On both, commercial cantilevers with a pyramidal tip
and in-house fabricated tipless cantilevers, custom patterns
were directly created by either CF4 based RIE or localized
metal deposition. Comparative AFM topography scans using
our DFPL customized and virgin commercial AFM cantile-
vers gave similar results. In terms of resolution, 5 pm thick
dry film photoresists allowed in our experiments to pattern
microstructures with 2 pm feature size. Additionally, stable
flat-ended cylindrical dry photoresist pillars up to 25 pm in
height were fabricated at the freestanding end of microcanti-
lever beams. The resist pillar structures showed partly a
mechanical instability for aspect ratios higher than 1:5 using
25 pm thick dry film photoresists. We showed furthermore
that polymer pillar probes can be employed for elasticity
measurements of 3T3 mouse fibroblast cell cultures. The
demonstrated DFPL protocol can be readily adaptable to
various end-user scenarios and provides a rapid and facile
microfabrication strategy for freestanding microcantilever
beams and other microsystems.
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