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ARTICLE INFO ABSTRACT

Recent research evidences the strong modulatory role of controlled submicron and nanoscale topographies on
stem cells fate. To harness these physical surface cues for clinical applications, fabrication of nano- and sub-
micron patterns on clinically relevant biomaterials is greatly needed. In this study, an electron beam lithography

Keywords:
Electron beam lithography
Reactive ion etching

Titanium method for direct patterning (i.e., no use of masters/imprinting steps) of titanium in the submicron range was
]s);;,e;ticpri:emmg developed. The process required the use of an etch mask consisting of a double layer of SiO, and Al, and the

positive AR P-6200.04 electron beam resist. An optimum electron beam dose of 288 uC/cm? was established for
writing the desired patterns. The transfer of the patterns into the titanium substrates was achieved by three
different steps: inductively coupled plasma etching of the mask in BCl3/Cl, followed by reactive ion etching of
titanium in SFs/CHF3/0, and a final wet etch of mask residue. Highly ordered arrays of titanium pits with
submicron diameters were produced with high reproducibility. This method provides great versatility in pattern
design, direct transfer into titanium and increased control of titanium pattern features at submicron to nanoscale

Bone implants

enabling clinically relevant and systematic studies on pattern-induced cellular responses.

1. Introduction

Implants integration in the host tissues is largely determined by the
early interactions taking place at the interface between biomaterial
surface and relevant host cells. Recent research has evidenced the
beneficial role of controlled submicron and nanoscale topographies for
osteogenic differentiation of stem cells. The work of Dalby et al. [1] has
shown that 120 nm diameter pits in poly(methyl methacrylate), having
100 nm depth, a centre-centre spacing of 300 nm and a controlled dis-
placement of 50 nm from a square arrangement, could induce osteo-
genic differentiation of human mesenchymal stem cells in the absence
of osteogenic supplements. By comparison, the patterns with an ordered
square arrangement embossed in poly(caprolactone) and polycarbonate
have retained their stem-cell phenotype [2,3]. Induced osteogenic dif-
ferentiation was associated with changes in cells shape, focal adhesions
size and cytoskeleton organization indicative of mediation by me-
chanotransduction pathways [4]. Patterns in the form of submicron
pillars and pits produced on polystyrene surfaces by hot embossing
(diameters of 200 nm, interspace of 500 nm) have been shown to sti-
mulate osteogenic differentiation and mineralization of osteoblast-like
cells, with more pronounced effects observed for the pits morphology
[5]. The favorable in vitroeffects of controlled submicron and nanoscale
topographies on osteogenic differentiation are supported by recent in
vivo studies [6,7]. Semispherical protrusions with a diameter of
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79 = 6nm produced on titanium surfaces by colloidal lithography [6]
suppressed early inflammatory events and enhanced osteogenic activity
when inserted in rat tibia. In the other study [7], titanium surfaces with
15 nm high pillars produced by templated anodization resulted in about
20% increase of the bone-implant contact area relative to the polished
surfaces following implantation for two months in rabbit femora. These
findings indicate the strong potential of controlled topographical cues
in the submicron to nanoscale for modulating cells response towards
formation of new bone tissue with favorable effects on implants os-
seointegration.

In order to establish the cause-effect relationships between specific
pattern features and cells response, and to achieve clinical benefits,
such topographies should be generated on relevant biomaterials. In the
case of bone implants, one of the most used biomaterials is titanium and
its alloys. The method for surface modification should (i) have the re-
quired resolution to enable generation of submicron to nanoscale pat-
terns, (ii) provide control of pattern features and versatility in shapes
and spatial organization, (iii) be efficient for patterning sufficiently
large areas for studies involving mammalian cells and (iv) ensure re-
producibility. Most patterning methods used so far to create sub-
micron/nanopatterns for studying osteogenic differentiation were de-
veloped for polymeric substrates and included a combination of
processes such as optical lithography/nanoimprint [8], electron beam
lithography (EBL)/nanoimprint [1,9-13] or templated anodization
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Fig. 1. Flowchart of the main processing steps used for the two routes investigated: without etch mask (continuous lines) and with etch mask (dotted lines).

o000 0OGOGOO j
0000 OGOOOS
o000 000O0OGOS
00000 0O0OOS
o000 00OC0OGS
o000 000O00OO
o000 0000O
o000 00O0OGOS
cececsses

Fig. 2. Example of pattern design for EBL writing in the positive e-beam resist (500 nm and 100 nm diameters; 900 nm center-center distance; square arrangement).
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Fig. 3. Schematics of the EBL method for direct patterning of titanium (ICP = inductively coupled plasma; RIE = reactive ion etching).

[14,15] and colloidal lithography [6,16-18]. Among these methods,
EBL has the potential to achieve the required resolution, the fine control
and reproducibility of pattern features on titanium as well as the flex-
ibility to design various shapes, sizes and spatial arrangements of the
patterns.

However, most of the EBL methods developed so far for cells gui-
dance have been used to actually create high resolution masters for
subsequent patterning of polymeric substrates usually by replica
molding and micro/nanoimprinting [1,9-13,19]. The need of a new
master or mold for every different pattern and the difficulty to accu-
rately imprint the patterns into metals [20,21] hinder the possibility to
perform systematic research using various well-controlled patterns, and
limit generation of a large number of different samples needed for such
biological studies. A direct EBL method for Ti patterning would over-
come these limitations and eliminate the use of additional imprinting
steps.

Both, the type of substrate and pattern features determine the EBL
processing steps and the materials and configuration needed for the
resists and etch masks. Furthermore, the process requires experimental
optimization of each step, from spinning of the resist to the transfer of
the patterns into the substrate. Following-up the research on titanium-
based microelectromechanical systems, a highly anisotropic dry etching
process based on non-toxic fluorine chemistry has been recently de-
veloped for bulk titanium and used to produce square pillars in the
micrometer range (5 X 5 X 5pum) by EBL [22]. In the present study, the
EBL process has been harnessed, to generate arrays of submicron pits
directly in titanium surfaces.

2. Experimental

Two different fabrication routes were designed, namely without and
with an etch mask (EM). The main process steps (Fig. 1) included
evaporation of Ti on the Si wafer, deposition of the EM, spin coating of
the electron beam resist, pattern writing in the resist by EBL, resist
development and pattern transfer into the titanium substrate.

Firstly, a titanium layer of 200 *+ 20 nm thickness was deposited by
e-beam evaporation on a 525um thick 4-inch Si wafer (University
Wafer, Inc.) using a TEMESCAL FC-2000 evaporation system. Titanium
(99.5%) was evaporated at a rate of 2A/s and a pressure of 3 x 10™°
Torr. The resulting layer had an average surface roughness (R,) of
3.8 nm as measured with a DektakXT stylus profilometer.

15

Secondly, the etch mask was deposited. The etch mask was adapted
from [22]. It consisted of a SiO, layer of 8 + 1 nm thickness, sputtered
on the Ti substrate, and a 40 = 4 nm Al layer evaporated on top of the
SiO, layer.

Thirdly, the wafer was spin coated with e-beam resist. AR P-6200.04
(Allresist GmbH, Germany), based on poly(a-methyl
styrene-co-a-chloroacrylate methyl ester) was used as a high resolution
positive e-beam resist. A layer of 100 + 10 nm thickness was applied
by spin coating at 3500 rpm followed by a bakeout at 150 °C for 3 min.

The wafer was patterned by EBL at 100keV using an EBPG-
5000 + HR100 exposure tool (Raith GmbH). The beam current was
7.6nA and the estimated spot size was 8-10 nm. Patterns design in-
cluded dots with diameters of 50, 100 and 200 nm with a center-center
spacing of 300 and 900 nm, and dots of 300 and 500 nm with 900 nm
interspace in a square spatial arrangement (Fig. 2). A series of tests was
performed to establish the optimum electron beam dose needed to
produce the desired patterns in the resist. Ten different doses (200, 240,
288, 346, 415, 498, 597, 717, 860 and 1032 uC/cm?) were applied to
write patterns with various dot diameters, the relation between the
dose and the feature area being given by Dose = (Beam current = Dwell
time) / (Feature area).

Following the development of the resist, the diameter of the pat-
terns was determined from the scanning electron microscopy (SEM)
images at 0° tilt angle by measuring the inner diameter of the opened
patterns. The values obtained were compared with the designed dia-
meter. The dose that resulted in patterns with the closest diameter to
the intended values was established as optimum. The resist was de-
veloped by using three immersion steps: 60 s in amyl-acetate solution
followed by 60s in 1:1 methyl isobutyl ketone:isopropyl alcohol and
another 60 s in isopropyl alcohol.

To transfer the patterns into the titanium substrate, using the route
with the EM, the process included three different steps: etching of the
mask, etching of the exposed titanium and removal of the remaining
mask (Fig. 3). Aluminum was etched by using inductively coupled
plasma (ICP) chlorine etching involving four different steps: (1) tem-
pering at 50°C, (2) breakthrough of the Al,O; using BCl;
(30 scem) + Cly (5scem) plasma for 25s at 200 W, (3) Al and SiO,
etching performed with the same plasma composition but a power of
100 W and a duration of 30s and (4) the pump-out step. The etching
equipment used was a Plasmalab100 ICP Deep Reactive Ion Etcher
(Oxford Instruments Plasma Technology). Titanium was etched by
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Fig. 4. (a) Effects of the applied dose on pattern diameters after development of the AR P-6200.04 resist (encircled values represent the optimum doses and the dotted
horizontal lines represent the designed diameters); (b-e) examples of the patterns produced with low and high doses.

reactive ion etching (RIE) using a mixture of SFe (13 sccm) + CHF3
(13scecm) + Oy (15sccm) gases at 100 W for 180s in a Leybold F
system. Finally, the remaining mask was removed by wet etching using
aluminum etch type D based on phosphoric acid, sodium-M-ni-
trobenzene sulfonate and acetic acid for 450s (Transene Company,
Inc.) and a buffered HF solution to remove the SiO,.

For the route without the EM, pattern transfer involved RIE of Ti
and removal of the residual resist by oxygen plasma using a Tepla
stripper 100 equipment (PVA TePla AG) and an O, flow of 200 ml/min
at 600 W for 10 min. Various recipes for Ti RIE have been tried in-
cluding 50Cl, + 2.5Ar (1000W, 15s) [23,24], 20CF4 + 50Ar (32W
with 300s and 600s) [25] and 13SF¢ + 13CHF;5 + 1505 (100 W and
180s) [22].
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The patterns produced in the resist and the ones transferred into the
Ti substrate were inspected by SEM using a FEI Nova NanoLab 650 Dual
Beam system (Thermo Fisher Scientific). Images with various magnifi-
cations at 0° and 45° tilt were acquired using an acceleration voltage of
5KkV for the patterns written on the resist and an acceleration voltage of
15kV for the titanium patterns. Furthermore, the titanium patterns
were also imaged by atomic force microscopy (AFM) using a Fastscan
AFM (Bruker) with a fastscan A tip at 0.502 Hz. 2D, 3D images as well
as line profiles were acquired and used for quantification of the pit
diameters (by measuring the openings at the same height selected just
below the surface spikes, as indicated by the horizontal dashed lines in
Fig. 7).
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Fig. 5. Scanning electron micrographs of the patterns produced with the optimum dose: (a, b) 100 nm and 500 nm patterns (with etch mask); (c, d) 50 nm and

200 nm patterns (without the etch mask).

3. Results and discussion
3.1. Dose tests

The quantitative and qualitative effects of the ten different exposure
doses on pattern features after resist development are presented in
Figs. 4 and 5. During detailed inspection by SEM imaging at various
magnifications it was observed that at the lowest doses (200 and
240 uC/cm?), some patterns were not yet fully opened and the dia-
meters of the open ones tended to be smaller than the designed value.
For example, in the case of 500 nm patterns, the 200 pC/cm? dose did
not fully open the patterns and the diameters measured from the SEM
images were around 471 nm. In the case of 50 nm patterns, the 240 pC/
cm? dose did not fully open the patterns and the diameter measured
was only 30-40 nm. SEM images of these examples are included in
Fig. 4(b-e). By increasing the dose, all patterns opened up fully and the
diameters slowly increased. This trend was confirmed by the quantified
data included in Fig. 4a. The patterns produced with the optimum dose
with, respectively without the EM, are included in Fig. 5a and b, re-
spectively ¢ and d. The findings further indicated a different optimum
dose for the two different routes investigated, i.e. 288 uC/cm? when the
EM was used versus 346 uC/cm? when no EM was used. As the same
resist type and thickness, acceleration voltage and developer were used,
this difference may be related to the contribution of backscattering
effects from the two different substrates (SiO,/Al and Ti respectively) to
the actual resist exposure dose. As the backscatter yield of Al is smaller
than that of Ti at 100 keV (~0.133 for Al at 102keV [26] and ~0.246
for Ti at 60 keV [27]) one would expect that a slightly higher dose is
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required when using the EM. In fact, the opposite is observed, the cause
of which is not entirely clear. Perhaps the charging of the insulated Al
layer may play a role here.

3.2. Transfer of the patterns into titanium

Without the EM, no patterns were visible after Ti RIE using the
methods described in the experimental section, as the resist was re-
moved during the process. This indicated the need to have an etch
mask. Due to its inertness to fluorine, aluminum was considered as the
etch mask. To enhance the adhesion of the Al layer to Ti and further
stabilize the thin aluminum mask during Ti RIE, a layer of SiO, was
sputtered on the Ti prior to Al evaporation (Fig. 3) [22].

The patterns were successfully transferred through the etch mask
into the titanium substrate by a sequence of three steps involving
chlorine ICP etching of aluminum, Ti fluorine RIE (using the
13SF¢ + 13CHF3 + 150, gas mixture at 100 W and 180 s) and removal
of the mask residue by wet etching. Representative SEM and AFM
images of the resulting titanium patterns are included in Figs. 6 and 7.
Pits with diameters of 318 + 25nm and 732 = 16 nm (based on AFM
cross-section measurements, Fig. 7) have been produced with high re-
producibility. Nevertheless, the diameters of the pits were larger than
the designed diameters (100 nm and 500 nm, respectively) indicating
isotropic etching. Note that in the line profiles of Fig. 7 the diameter of
the pits is considerably smaller at the bottom of the pits, although this
may be partly due to the convolution with the AFM tip diameter.
During the RIE process used, titanium reacts with SF¢ and forms the
volatile TiF, compound. CHF; is mostly responsible to control
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Fig. 6. Scanning electron micrographs of the titanium patterns (tilt 45°) produced using the Al/SiO, etch mask and three different etching steps: a and b arrays of
small pits with ca 300 nm diameter at two different magnifications; ¢ and d arrays of large pits with ca 714 nm pits at two different magnifications.

anisotropy during etching as it forms a fluorocarbon polymer on the pits
sidewalls which acts as a passivation layer thus reducing the vertical
etch rate. By optimizing the CHF3/0, ratio a balance between aniso-
tropy and acceptable etch rates may be achieved [22]. However, in the
context of the application, before such an optimization is performed,
the effects of anisotropy on cells response should be assessed.

One of the limitations of the proposed method is the time needed for
e-beam writing of relatively large areas and for fabrication of a large
number of samples needed for cell experiments. Under the used EBL
conditions (exposure dose of 288 uC/cm2 and a beam current of 7.6 nA)
an area of 1 cm?, filled with 732 nm patterns at a pitch of 1 um, would
take 4.4h to write. Strategies to decrease the writing time include a
reduction of the number of multiple exposures by increasing the spot
size combined with the use of sensitive resists requiring lower doses
[28]. Shorter times also benefit pattern quality due to less influence of
stage drift. On the other side, the easiness to systematically change
specific pattern features in the submicron and nanoscale with no mas-
ters needed, the accuracy to transfer these patterns into titanium
without additional imprinting steps and the possibility to reuse the
patterned samples (as compared to the polymeric ones) compensate for
the time needed to generate such samples by EBL and guarantee high
quality and reproducible biological results.
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For the application of the EBL process on metallic bone implants
such as total joint replacements, spinal cages or scaffolds, writing on 3D
surfaces should be possible. New advances in the technology are needed
such as the novel EBL systems with Z-lift stage able to write on curved
surfaces. Another approach could be to make use of self-folding struc-
tures which enable access to the flat surface for patterning before
folding to form the 3D structures. We have recently developed a plat-
form for fabrication of 3D structures with free-form surface ornaments
by combining self-foldable metallic structures with laser patterning and
electron beam induced deposition [29]. Such materials provide a un-
ique combination of properties and surface functionalities relevant for
various applications including implants. Once the optimum pattern is
established, EBL stamps in combination with imprinting can be used to
increase scalability of such an approach.

Apart from generating topographical cues on various substrates, the
EBL process can be used to control surface stiffness by e-beam radiation
thereby inducing another cue known to modulate stem cells fate [30].
The process has been also applied for development of nano-channels
used in biomolecular studies on DNA separation, sensing or stretching
[31]. EBL is thus emerging as a method for fabrication of well-con-
trolled submicron and nanoscale structures relevant for advanced bio-
medical research.
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Fig. 7. 3D images and line profiles obtained by atomic force microscopy for the titanium patterns shown in Fig. 6. From the line profiles, the pit diameters were

measured as: (a) 318 = 25nm; (b) 732 = 16 nm.

4. Conclusions

In this study, an EBL method for the generation of submicron pits
directly in titanium was developed, driven by the need to produce
controlled submicron topography for modulating cellular responses at
the interface between bone and titanium implants. The focus was on
determining the optimum exposure dose and establishing the process
steps for pattern transfer. An etch mask consisting of a double layer of
Al and SiO, was required to produce the desired patterns. The presence
of the etch mask affected the exposure dose and the subsequent steps
for pattern transfer. An optimum dose of 288 uC/cm? was established
for writing on the positive AR P-6200.04 electron beam resist. The
patterns were successfully transferred into titanium by ICP chlorine
etching of the mask, fluorine (SF¢/CHF3/0,) RIE of Ti and a final wet
etching of the remaining mask. Following this method, arrays of sub-
micron titanium pits were generated with high reproducibility. The
versatility in pattern design and the direct transfer into titanium with
superior control at submicron/nanoscale and no need for masters and
imprinting steps make this method very attractive for systematic studies
on pattern-induced cell fate, with impact on titanium clinical applica-
tions and future implant technology.
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