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Transition of MEMS Technology to Nanofabrication
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The transition of MEMS technology to nano-fabrication is a solution to the growing demand for
smaller and high-density feature sizes in the nanometer scale. Nanoimprint lithography (NIL) tech-
niques for fabricating micro- and nano-features are discussed including hot embossing lithography
(HEL), UV Molding (UVM) and micro contact printing {£CP). Recent results in micro and nano-
patiern transfer are presented where features ranged from <100 nm to several centimeters. We
also present a comparative study between standard glass microfluidic chips and their HEL coun-
lerparts by metrology. Hot-embossed microfluidic chips are shown to be faithful replicates of their
parent stamps. NIL is presented as a promising avenue for low-cost, high throughput micro and

nano-device fabrication.
Keywords:

1. INTRODUCTION

The commercialization of MEMS technology has been
successfully developed over the past 25 years since MEMS
R&D projects were established worldwide. Many of these
projects led to commercialized products including pressure
sensors, inkjet printer heads, gyros and sensors for vari-
ous types of applications." Some of the key contributors
for MEMS successes have been the drive for infrastruc-
ture, roadmaps, indusiry asscciations, standardization of
processes and sequences as well as their automation, which
resulted in turn-key solutions for low cost, high yield, and
high volume wafer level processing.

Currently, nanotechnology exists primarily in R&D lab-
oratories, but transfer of MEMS R&D and production
technology will continue to accelerate the development
of commercial nanofabrication methods. Furthermore, the
increasing demand for polymer-based devices coupled
with low-cost fabrication technologies underscores the
need to develop direct-process protocols where flow chan-
nels, reservoirs, mixing chambers and other device com-
ponents are manufactured directly in a polymer chip.

*Author to whom comrespondence should be addressed.
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Nanoimprint Lithography (NIL) techniques including
hot embossing (HEL)? and UV-molding (UVM) are among
the most used methods of structuring of polymers. NIL is
a patterning method in which a material is deformed with
a re-usable and pre-patterned stamp. Structures are trans-
ferred into heat-softened resists with the HEL process and
are cured by cooling the polymer below its glass transi-
tion temperature (T,). Similarly, in UVM, the structures
are created as for HEL, but are then cured by UV pholo-
polymerization. A related process called microcontact
printing (xCP) often refers to the transfer of ‘inked’ mate-
rials on a paiterned surface, typically to a metallic or met-
allized substrate.’

An overview of these methods is presented in Figure 1.
Even though most nanotechnology devices are still being
developed within R&D initiatives, among the many future
areas of application are: drug delivery systems and
analysis systems (BioMEMS, microfluidics), genomics,
proleomics, optics, photonics, magnetic, chemical and
biosensors, RF components and electronics.*$

Indeed, imprint lithography even offers potentially
significant processing short-cuts to the well-established
micro and nano-fabrication industry where comparatively
expensive lithographic technigues (photo, e-beam, focused

doiz10.1166/nn.2005.520 1

ITOILHY HOHV3IS3H




Transition of MEMS Technology to Nanofabrication

Luesebrink er al.

Fig. 1.

NIL Technologies.

ion-beam) may be employed just once to create a viable
stamp and the stamp can spawn hundreds of copies.”

2. NIL OVERVIEW

In the following paragraphs, an overview of NIL methods
(HEL, UVM, uCP) is presented with emphasis on process
and equipment related issues. Reviews of these technolo-

gies appear regularly.®

2.1. Hot Embossing

Many HEL process requirements are similar to MEMS
wafer bonding technology. The main process parameters
inherent to a variety of commercially available wafer bond-
ing processes are: (i) control and uniformity of temperature
and pressure over the substrate area; and (ii) atmosphere
control in the bond chamber (pressure, gas etc). Figure 2
provides a breakdown of today’s successful MEMS bond-
ing processes for automotive applications, such as gyros
and pressure sensors.”

In addition, HEL technology requires active cooling and
temperature ramp control due to the nature of the ther-
moplastic substrates. This technology transfer has enabled
HEL mix-and-match structures from wafer dimensions
down to sub-100 nm feature size at the wafer level.

In a hot embossing process, the polymer is heated
above its 7, and high contact forces are applied. A poly-
mer (traditionally, poly(methyl methacrylate), PMMA) is

Glass Fritt (Seal Glass)

Percentage of Equipment Usage

Fig. 2. Bonding processes used in today’s automotive MEMS.
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Fig. 3. Hot embossing process chart.

imprinted with a patterned stamp. The stamp is usually
fabricated from silicon or nickel for high aspect ratio
structures though other materials such as SU-8'" have
been employed successfully. Both the stamp and the sub-
strate are heated to temperatures above the 7, of the spin-
on-polymer thereby decreasing the polymer viscosity for
the imprinting process. Application of high contact force
between stamp and polymer enables cavity-filling of the
stamp. After the imprinting step, the whole stack is cooled
well below T, to cure the patterned features. The controlled
separation of stamp and polymer is carried out at elevated
temperatures (but below T, see Fig. 3).

The equipment used in this study allows for paral-
lel as well as for wedged de-embossing depending on
the patterned feature sizes. The EVG®520 HE instrument
is equipped with a high contact force hydraulic system,
active cooling, and an automated de-embossing unit for
imprinting of substrates of up to 200 mm in diameter.

The smaller the features and the higher the density
of imprinted patterns, the higher is the adhesion force
between stamp and polymer. Application of an anti-stiction
or release layer (often by silanization, see Fig. 4 below)
and a wedged separation are the preferred methods of sep-
arating stamp and polymer.

Substrates of up to 200 mm in diameter have been
successfully replicated with silicon masters.!' Mixed fea-
tures down to less than 100 nm (posts) were generated
in preliminary tests.'"> Once the pattern has been trans-
ferred into the resist, standard micro-fabrication techniques

F FsC
3C\?F2 Cxer,
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2 ”'CFQ F"’C‘CF-‘,

Fig. 4. Fluorosilanized silicon oxide surface.
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Fig. 5. Process-flow for hot embossing lithography.

are employed to etch into the substrate. The entire pro-
cess is shown schematically in Figure 5((a) imprint; (b)
de-embossing; (c) de-scum, (d) etch (RIE, ICP); (e) depo-
sition and release, (f) template or device, (g) bonding).

Preliminary results with resolution test stamps have
been recently reported'*'® and a selection of the most
promising embossed structures (posts, holes, lines and
trenches from 100 nm to several microns) is shown below
in Figure 6.

The images in Figure 6 illustrate clearly the resolution
advantage of ‘negative’ stamps where the structures are
formed as the thermoplastic polymer resist flows into the
stamp features (6a, 6b, 6d) rather than positive stamps
where the resist is simply displaced by the stamp (6¢).

2.2. UV-Molding

The advantages of using mature patterning methods like
reduction EUV-Lithography to create nanometer scale fea-
tures on a commercial scale are often outweighed by
equipment costs. Traditional methods like Electron Beam
Lithography (EBL) are suitable for generating patterns
in the nm-regime but are serial and therefore laboriously
slow. UVM is a stamping technique, which enables pro-
cesses for the development of nanotechnology devices due

Fig. 6. Embossed Structures: (a) FEG-SEM (Hitachi $4700) of 100 nm
posts in Poly(cyclic olefin), (PCO): (b} FEG-SEM of sub micron lines
and posts in PMMA: (c) AFM (Veeco NanoScope 3) of sub-micron holes;
and (d), AFM of 4 um posts in PMMA.
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to its high level of resolution in the nm-range at low
cost. The UVM process is performed in a modified mask
aligner, which has been used for UV-lithography in semi-
conductor and MEMS fabrication processes. The strengths
of this instrument include the wedge compensation unit
used to ensure parallelism between mask and substrate.

The main differences between HEL and UVM are:
(i) transparent stamps for alignment and UV-curing of
monomers are required for UVM and optional for HEL:
(ii) unlike HEL, UVM processes are performed at room
temperature without any heating cycles; (iii) low con-
tact forces are applied for UVM as compared with HEL;
(iv) optical alignment is standard for UVM whereas
aligned HEL usually requires additional equipment such
as the EVG®620 aligner: and (v) monomers are cross
linked via UV-curing in a UVM process while thermoplas-
tic polymers are cooled below T, in order to harden the
structures after the HEL imprinting process.

The alignment of transparent stamps to the substrate as
well as the imprinting and curing process are performed
in a modified aligning system of type EVG®620 for sub-
strates up to 150 mm in diameter.

In most cases, either quartz glass stamps (hard stamps)
or PDMS stamps (soft stamps) are used for UV-molding
processes. The process flow of a UV-molding process is
as follows: a monomer coated carrier substrate (e.g. sil-
icon wafer) as well as the transparent stamp are loaded
into the aligner and fixed by vacuum on their respective
chucks. After optical alignment of substrate and the stamp
is defined, they are brought into contact. The alignment
accuracy of state-of-the-art mask aligners used for fabrica-
tion of MEMS devices is less than 1 pwm, however the fore-
cast accuracy for such systems is less than 100 nm in order
to meet the demands for nanofabrication. An adjustable
uniform contact force of up to 750 N is applied to imprint
the monomer with the stamp pattern. Furthermore, an
adjustable vacuum contact is applied which ensures inti-
mate contact between stamp and substrate. The curing
process of the imprinted structures is accomplished by
UV-exposure with broadband wavelength from 350 nm to
450 nm.

2.3. Micro Contact Printing (u-CP)

In a uCP process, molecules such as thiols are transferred
from an “inked stamp” to another surface (in case of thi-
ols, gold and silver are typical). PDMS stamps are inked
by placing a thin film via a droplet on the stamp surface
or by applying the substances in an inked pad before the
patterning process.* '

This technology is being employed in biotechnology for
surface preparation of diagnostic devices,'™'® and appli-
cation of adhesive patterns for UV-adhesive bonding (see
Fig. 7).
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Step 1
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Step 2:
Transfer Adhesive to
Giass Wafer

Step 3:
Align and Bond to
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Fig. 7. UV adhesive bonding

3. APPLICATION

Currently, most devices in innovative micro and nano
technology are related to microfluidic applications that
manipulate molecules in drug discovery, delivery and
diagnostics.'” This paper describes the comparison
between a conventionally bulk-micromachined microflu-
idic chip (for example, see Fig. 8), an off-the-shelf chip
for capillary electrophoresis from Micralyne, Inc.. and a
device manufactured by hot embossing.

Surface profilometry and scanning electron microscopy
(SEM) were used to examine and compare the surfaces
of the Si stamp master, the unbonded polymer substrate
embossed with the master. and an unbonded glass ana-
logue. Figure 9 provides a schematic of Micralyne's stan-
dard chip. Both depth and width measurements were taken
at the indicated points.

Glass chip width measurements were recorded using a
McBain ZIII Column (McBain Instruments, Chatsworth,
California), and both polymer and silicon master measure-
ments were recorded using a Stylus Profiler (Dektak-8,
Veeco Inc., Tucson, Arnizona) and confirmed by FEG-SEM
(Hitachi S4700, Japan) and are shown in Table I. Five
measurements were recorded at each position for the glass
device while two measurements were recorded for each
position on the silicon master and polymer chip.

Depth measurements were recorded using a profiler
(Glass Chip: Tencor Alpha-step 200 Stylus Profiler, KLA-
Tencor, San Jose, California; Silicon Master and Poly-
mer Chip, Dektak 8 Stylus Profiler, Veeco Inc. Tucson,
Arizona) and are shown in Table Il. Five measurements

Fig. 8. Standard mucrofluidic chips (Micralyne, Inc.)

4
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Fig. 9. Schematic of Micralyne's Standard Microfluidic Chip showing
the points where width and depth measurements were taken.

Table 1.  Average width ements with dard deviauon(s)
in microns al vanous points of Micralyne’s Standard Chip (n =35
for cach position, see Fig. 9), silicon master (n = 2) and polymer
chip (n=2)

Position I {gam) 2 (pem) 3 (pum)
Glass chip 5394009 56.0+0.04 5644025
Silicon master 488+0.23 4854008 48.74+0.15
Polymer chip 492105 494402 48905

Table 1l. Depth measurements with siandard deviation(s) in
microns at various points of Micralyne’s Standard Chip (n =S5 for
each position (glass, silicon, polymer), see Fig. 9). With the silicon
master, the height of the channel-forming ridge is measured.

Pasition I (pm) 2 (pm) 3 (pum)

Glass chip 1970+ 0,004 19700010  19.70+0.005
Silicon master 22030002  21.044£00004 22560001
Polymer chip 22090014 21.09+0038 226810007

Table I1l. Surface roughness of the glass chip channel floor is
comparable to average roughness of polymer chip channel floor.

Surface roughness (nm)

Glass chip
Polymer chip 35

Fig. 10. (a) SEM of Micralyne bonded glass chip cross-section (posi-
tion 3 from Fig, 5). The depth of the channel is 20 um while the maxi-
mum width is 56 um. The surface roughness on the bottom of the chan-
nel is an antifact of the dicing procedure; (b) the cross-hair (position 1,
Fig. 9) embossed in PCO; (c) the embossed scale-bar (positon 2, Fig. 9);
and (d) a close-up of the embossed scale-bar (position 2, Fig 9)

J. Nanosci. Nanotech. X, 1-5, 2005



Luesebrink er al.

Transition of MEMS Technology 1o Nanofabrication

were recorded at each position. The glass chip was etched
using a wet etch process and provides a uniform etch rate
and depth. The silicon master was etched using a deep
reactive ion etching procedure where the etch rate varies
slightly over the surface of the wafer. This leads to the
discrepancy (approximately 1.5 pm) as shown in Table I1.
As the polymer chip is molded directly from the silicon
master, it is expected to maintain these slight discrepan-
cies; indeed this is what is seen with the same variation
of approximately 1.5 pm evident. Additionally, the pro-
filometry data shows good agreement between identical
positions on the silicon master and the polymer chip (e.g.
position 1: silicon height is 22.03 um, polymer chip is
22.09 pum). These results indicate that the polymer chip is
an accurate replicate of the silicon master.

Surface roughness is an important feature for microflu-
idic devices where optical detection is required. A smooth
surface is required to minimize reflection or refraction of
light that is passed through the channel. The surface rough-
ness each chip was measured using an atomic force micro-
scope. The results are presented in Table III. The bottom
of the channel was evaluated for surface roughness for the
glass chip'® and the polymer chip. The SEM results indi-
cate that the polymer device has maintained the nanometer
surface roughness that is evident in commercially available
glass microfluidic devices.

Scanning electron micrographs were recorded using a
LEO 435VP (LEO Electron Microscopy Ltd., Cambridge,
UK and a Hitachi S4700 FEG-SEM). Figure 10a shows
a cross section of a bonded Standard Chip. Figures
10b-d show embossed structures in bulk PCO with the
EVGS520HE and the standard Micralyne-design (Figure 9).

4. CONCLUSION

The microfluidic chip surface morphology observed by
profilometry and SEM of the glass and plastic substrates
as well as in the silicon-master compare favorably. The
integrity of the feature-transfer from master to polymer
substrate is good where comparable structure dimensions
were within 0.5% over tens of micrometers.

HEL is clearly a versatile tool not only for micro-
fabricated fluidic channels, but also the techniques and
expertise developed here transfers 10 nanofabrication
where critical dimensions of many commercial devices are
rapidly approaching sub 100 nm nodes. We have demon-
strated HEL pattern transfer from sub-100 nm posts to
channels several centimeters long.

The entire families of nanoimprinting techniques (HEL,
UVM, pCP} are suitable methods for imprinting and trans-
ferring features in the sub-100 nm era. Much of the
equipment and process experience developed in MEMS
fabrication can be directly transferred to nanoimprinting
techniques to produce nano-devices. Alignment systems

J. Nanosci. Nanotech. X, 1-5, 2005

derived from MEMS production equipment allow for
alignment accuracy in the sub-pm range, which enables
multi-level impressions. Sub-100 nm alignment accuracy
systems are forthcoming for NIL tools and will play
an important role in enabling low-cost, high throughput
nanofabrication.
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