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Abstract

A nano-imprint lithography technique is described for fabrication of optically encoded micro-
particles (diffractive barcodes). The particles are fabricated from SU8 — a material which can
be processed lithographically, and which can be used for attachment of molecular tags. The
barcodes are identified by their unique diffraction patterns.

1. Introduction

Advances in genomics, proteomics, combinatorial chemistry and high throughput screening
have led to the development of techniques for multiplexed analysis. In particular, bead-based
multiplexed chemical analysis offers a number of advantages over conventional array-based
approaches. Bead-based analysis uses solid micrometer sized beads as platforms for chemical
or biochemical reactions or assays. In order to simultaneously perform more than one assay,
the beads must carry a unique identifier indicative of the molecule on its surface, i.e. a bar-
code, as shown in figure 1A. A number of approaches have been developed for bar-coding
particles, mostly based on spectral or spatial encoding [1-4]. For example, by fabricating
particles containing several different fluorescent quantum dots with discrete emission
intensities it is possible to produce several hundred unique codes [5,6]. However, encoding
with fluorescence has many problems; not least that fluorescence is one of the most common
techniques used to indicate that a chemical reaction has taken place on a bead. We have
recently developed a new approach to bar-coding particles based on the fabrication of micron
sized diffractive elements [7]. The “code” is read by measuring the spatial distribution of
light diffracted by a pattern on the surface of a bead. In the simplest implementation, the
pattern on the particle is a miniature diffraction grating (a few micrometres in size), where
information is encoded in the pitch of the grating, a. When the grating is illuminated with
light at wavelength A, for example at normal incidence, a series of diffracted beams at angles
o are created, according to the equation « sina = mA, where m is an integer known as the order
of the diffracted beam. Measurement of the first order (m = 1) diffracted beam position (with
respect to the zero order) gives direct information about the pitch a. More than one grating
pitch can be superimposed on a single particle to increase the encoding capacity of this
technique. The principle is shown in figure 1B. Using this technique, we estimate that
approximately 10° unique codes can be created from 5 superimposed gratings on a 50 pm
long particle [7].

The diffractive barcodes must be both relatively easy to manufacture and made from a
material suitable for subsequent immobilisation of molecules, for example antibodies or
oligonucleotides. We have chosen to use the Novolac-Epoxy resin SU8, which is well
established in the field of microfabrication and micropatterning and is widely used as a



negative resist [8-11]. SUS is chemically robust, and can be processed using conventional
photolithography to produce a wide range of high aspect ratio structures. The resist is
commercially available in different formulations, and can be processed by spinning to
produce films in the range of 1-100 um thickness, depending on the viscosity of the original
solution and the spin speed [8-10]. SUS8 contains a photo-acid which, when exposed to light
(wavelength 365nm), initiates the polymerization of the epoxy groups. SUS has been
microfabricated into a range of microstructures, including microfluidic devices [12-14],
moulds and masters for microembossing [15,16], probes for microscopy [17], and biosensors
[18]. Because of its outstanding performance in microfabrication, optical transparency in the
visible range, and excellent physical and chemical stability, SU8 has recently attracted
attention for use in bioanalytical applications as a support material for the direct attachment of
biomolecules [19-24]. After micro fabrication, residual epoxy groups can be used for surface
functionalization [19,20]. We recently demonstrated that SU8 can be used to manufacture
micron-sized blocks of material (i.e. beads) and that these blocks can be further processed
using conventional multistep solid-state synthesis of oligonucleotides and peptides [25].
Although SUS8 can be processed using optical lithography to produce features of the order of
the wavelength of light, this resolution is not sufficient to produce high quality multiply
superimposed diffraction gratings. We have therefore developed a fabrication method which
is based on nano-imprint lithography (NIL). NIL is a technique that can replicate micro- and
nano-scale patterns with high fidelity, and is beginning to have a significant impact in micro
and nanotechnology [6]. It is a relatively simple process and may form part of a suite of new
technologies for the mass production of nano-sized patterns.

In conventional nano-imprint lithography, a high resolution stamp is fabricated in a hard
material such as Silicon or fused Silica using a combination of electron beam lithography and
dry etching. The generic process, figure 2 shows how the stamp is imprinted into a soft
polymer to produce a high quality replica. The process can be repeated many times,
providing material transfer from the substrate to the master is minimized using an anti-stick
coating.

In this paper, we describe a process for nano-imprinting of SU8 microparticles manufactured
by photolithography and demonstrate that well resolved optical diffraction gratings can be
manufactured, with high fidelity and high aspect ratio. The method is performed at low
temperature, with low pressure and produces excellent uniformity in the quality of the
resulting imprinted structures.

2. Experimental

2.1 Fabrication of the stamps

The nano-imprinting stamp was manufactured from SiC wafers. A 120 nm layer of PMMA
(MW = 100k) was spin coated onto the wafer and then baked at 180°C in an oven for 1 hour.
A second layer of PMMA (Mw = 350k) was then applied under the same conditions. This
bilayer resist was essential for the creation of an undercut in the resist profile after lithography
to ensure successful lift-off. Electron beam exposure was carried out at 100 kV, using a high
resolution vector beam writer (VB6, Leica-Cambridge plc). Standard development of the
PMMA in MIBK:IPA (1:3) was undertaken at room temperature. A 30 nm thick Cr layer was
deposited by thermal evaporation (Edward evaporator) and the sample soaked in acetone for
20 minutes to lift off unwanted Cr. Etching of the chrome-patterned SiC was performed
using an anisotropic dry etch with a mixture of C,F¢/CHF;, in an Oxford Plasma Technology
System 90 etcher. By adjusting the ratio of C,Fs to CHF;, various etched profiles can be
achieved. In our case, it was found that a ratio close to 1 produced vertical side-wall profiles
as shown in figure 3A. With this gas mix, the etch rate was approximately 10 nm/minute.
After etching, the remaining Cr on the top of the SiC features was removed with a
commercial chrome etchant.



The embossing stamps were made in sizes of 2 x 2 mm, each containing arrays of gratings 50
um x 50 um, as shown in figure 3B. These stamps were used to imprint barcodes onto flat
sections of SU8 for characterisation. The same stamps were used to imprint SU8 bars for
fabrication of encoded particles.

2.2 Photolithography and nano-imprinting

The encoded bars were fabricated according to a two step lithographic process, followed by
hot embossing as shown in figure 4. In the first step individual bars were fabricated from SU-
8; these were subsequently nano-imprinted using the master stamp to produce the diffractive
bar-codes. The diffraction gratings were imprinted into the particles in such a way that it was
possible to produce several million particles.

The SUS8 microbars were fabricated on Si wafers (525+25 um Si-Mat Silicon Materials,
Germany) by photolithography using SUS8-5 (figure 4, steps 1 — 5). In order to ensure easy
release of the bars from the substrate, the Si wafers were first covered with a 50 nm thick Al
sacrificial layer. Full details of the fabrication of the SU§ bars can be found in a previous
publication [25]. The final thickness of the SU8 bars could be adjusted by varying the
thickness of the SU-8 layer, which was typically in the range 3-10 um. After coating the
wafer with SUS8, followed by baking, the wafer was exposed to 365 nm light (I-line) through a
mask, using a MA6 (SUS Microtech) mask aligner, with an optimized exposure dose in the
range 60-200 mJ cm”, depending on the thickness of the SUS. After exposure, the wafers
were baked at 65 °C for 1-3 minutes, and the temperature was then increased for 2-6 minutes
at 4°C per minute, to 95 °C. The wafers were developed in PGMEA EC solvent
(polypropylene-glycol-methyl-ether-acetate, Chestech Ltd, UK.) for 2 minutes with agitation,
then thoroughly rinsed with isopropyl alcohol and blow dried. If required the bars could be
released a this stage by etching the Al sacrificial layer. This was achieved by sonicating the
wafers in TMAH (Micorposit MF-319, Chestech Ltd, UK) at room temperature for 10
minutes.

In order to ensure complete detachment of the stamp after imprinting [11], the stamp was
coated with a monolayer of anti-stick agent, Trichloro (1H, 1H, 2H, 2H-
perfluorooctyl) silane. The stamp was soaked in a solution of 1-2% silane in ethanol for 30
minutes, rinsed with ethanol and baked in an oven at 120 °C for 30 minutes.

As shown in the SEM of the SiC master, a superimposed diffraction grating has many lines of
different pitch and width (figure 4A). Imprinting was performed by pressing the master onto
a 4 x 4mm area of wafer containing pre-fabricated SUS bars (figure 5) or films, both with
thicknesses in the range 3-5 um. A home-made press was used, based on a screw clamp
arrangement, in which the pressure was adjusted using a torque-wrench. The applied force
was calculated from the torque using a standard method for calculating the clamping force
due to a screw. The imprinting force was distributed as homogeneously as possible using a
piece of PDMS sheet between the stamp and the pressure plate. The stamp was aligned by eye
with the substrate and then the assembly was pre-baked. The required force was applied using
the torque-wrench, and the system again baked. In order to optimise the imprinting, a range
of forces and temperatures were tested. Forces were in the range 230-690 N (over the 2 x 2
mm stamp) and the baking temperature was ramped from 50-100 °C at 4 °C min™ for 5
minutes.

3. Results and Discussions

As shown in the SEMs of figure SA and 5B, the imprinting has produced individual particles
with high quality nano-scale diffraction gratings embossed into their surface. The imprinting
process achieves high fidelity and replicates the high aspect ratio features (typically 1:5) of
the SiC master. The design of the stamp was such that little alignment was required during the
imprinting into the bars. Stamps with gratings of different heights (350 nm- 800 nm) and
aspect ratios were successfully used for imprinting.



During imprinting, it was noted that many of the bars did not adhere to the Al layer covering
the Si wafer and became adhered to the master. The adhesion of the SUS to the Al layer was
partly improved using universal Ti primer, but bars continued to detach from the substrate
during imprinting. An additional hard baking step was adopted which increased the adhesion
of the SU8 and enabled imprinting without detachment or damage of the bars. The optimised
imprint process was performed with the substrate held at a temperature of 85 °C for 5
minutes, with an imprint pressure that depended on the aspect ratio of the embossing master.
Above the glass transition temperature the SUS is able to flow out of the imprinting region
[26]. Therefore, arrays of small gratings are preferable to a large continuous pattern, where
the flow of the SUS8 is constricted. After optimisation, it was found that stamps containing an
array of 50 um x 50 um gratings produced embossed features with the best quality.

In order to characterize the imprinted patterns, gratings of 50 x 50 um were fabricated in flat
SU8 films. With an imprinting force of 690 N, high quality gratings with high aspect ratio
(figure 5C and 5D) were obtained from a master, in this case with feature depth of 650 nm.
The optical properties of these nano-embossed patterns were measured using the experimental
system shown in figure 6. A helium-neon laser (wavelength 4 = 633 nm) was focused by a
lens (focal length /= 100 mm) onto a sample plate containing a thin film of SU8 into which
50 x 50 um barcodes had been embossed. The resulting diffraction pattern was projected
onto a CCD camera. The diffraction images recorded for an example set of 5 barcodes, each
with two superimposed gratings, are shown in figure 7. In this figure, one of the grating
pitches remains constant, whilst the pitch of the second increases from barcode A to E. The
first order diffracted beams, which constitute the code, are clearly visible and well defined.
The figure shows that the code can be easily read by measuring the positions of the first order
spots relative to the zero-order beam. Reading of the barcodes is accomplished automatically
using this setup, with the CCD camera connected to a PC running dedicated software. The
diffraction patterns obtained from the nano-imprinted codes, as shown in figure 7 A-E, are of
high quality and appear almost identical to those obtained using classical gratings made from
metal on glass by high resolution e-beam direct write [7] (examples shown in figure 7F-J).

4. Conclusions

We have demonstrated a low cost imprinting technique, based on hot embossing nano-
patterns into photo-lithographically processed micrometre sized SU8 bars. Using this
technique, large numbers of microparticles can be produced, each set with a unique bar-code.
The codes are defined by the pitch of superimposed diffraction gratings produced in the
particle surface. The particles produced by this method can be further processed for chemical
or biochemical attachment. The embossed diffraction grating has a high aspect ratio, and
shows excellent fidelity to the original master. Nanometer resolution is obtained, giving high
quality diffraction patterns which are indistinguishable from metal on glass gratings
fabricated by electron-beam direct write. The technique uses a simple home-made imprinting
tool, the structures do not require UV exposure during the embossing step and the stamps are
not contaminated by un-crosslinked viscous polymer, which is one of the main limitations of
nano-imprinting [27].
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Figure 1. (A) A number of different types of molecule are each attached to a uniquely
encoded bead. The molecules undergo different reactions, and the codes allow identification
of the starting molecules after reaction. (B) A novel method of encoding the beads is to use
diffraction gratings. A grating of pitch a; produces a first order (m=1) diffracted beam at
angle « (left). Changing the pitch results in a different value of «, allowing barcodes of
different pitch to be distinguished. More than one pitch can be superimposed (right), allowing
for a larger number of codes.
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Figure 2. Schematic of a generic imprint process. A patterned master (stamp) is brought into
contact with a soft polymer. After releasing, a copy of the master pattern is imprinted into the
surface of the polymer.
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Figure 3. SEM images of a nano-embossing master. The high aspect ratio and uniformity of
the structures can be seen (A), together with the multiple periods evident in a superimposed
grating pattern. Single grating patterns are 50 pm square (B), with many such patterns in an
array over a 2 X 2mm area.
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Figure 4. Schematic of the process for manufacturing nano-embossed SU8 microbars. An Al
sacrificial layer and a layer of SUS8 are spun onto a Si wafer (1 — 3). The SU8 is illuminated
with UV light through a mask to cross-link the SUS8, and uncross-linked SU8 washed away to
leave the microbars (4 & 5). The nano embossing stamp is pressed into the SUS8 to pattern it



(6 — 8), with baking during step 7. Finally, the patterned bars are released by etching away the
Al layer.
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Figure 5. An array of nano-imprinted microbars (A), with a high quality diffraction grating
pattern (B) reproduced on the surface. The depth of the features (C) and uniformity of the
profile (C & D) are shown here in patterns imprinted into flat SUS8 films.
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Figure 6. Schematic diagram of the setup used to record the diffraction patterns from barcodes
imprinted into flat SU8 plates. The diffraction pattern is recorded on a CCD camera
connected to a PC. Dedicated software on the PC reads the diffraction pattern and identifies
the barcode.
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Figure 7. Diffraction patterns from nano-embossed gratings (A — E) recorded using the setup
in fig. 6. Diffraction patterns from example high resolution metal on glass diffraction gratings
manufactured by e-beam direct write (F — J) are included here for comparison.



