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A method to create networks of intricate fluidic channels
formed from metals and ceramics is proposed and demon-
strated. The method exploits buckle delamination of a thin
compressed film bonded to a substrate. A low adhesion
layer coinciding with the desired layout of the channel net-
work is laid down prior to deposition of the film. Once trig-
gered, the buckle delamination propagates along the low
adhesion pathways driven by release of the elastic energy
stored in the film, assembling the entire channel network
without external intervention. Strips, tapered strips and a
selection of grids are demonstrated for diamond-like carbon
films bonded to Si substrates with gold providing low adhe-
sion. Control of the film thickness (15 nm to 260 nm) and
the width of the low adhesion regions (200 nm to microns)
enables the cross-sectional area of the channel to be defined
precisely with height determined by the buckle amplitude
(40 nm to 500 nm). The channel network has been inte-
grated with a microfluidic interface formed from poly-
dimethylsiloxane. Pressure-driven flow of two miscible
streams shows convectively enhanced mixing in these
nanoscale buckled channels.
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1. Introduction

Intriguing though they may be, buckling delaminations of
thin films bonded to substrates are usually the undesirable
consequence of some combination of overly high compres-
sive film stress, films that are too thick, or poor interfacial
adhesion. Films under compressive stress are susceptible
to buckling delamination when the elastic energy per unit
area stored in the film exceeds the energy per area required
to decohere the interface [1—4]. The mechanics of buckling
delamination has been studied for two decades [1—7] with
emphasis on delamination avoidance. Recently, a way to
harness buckling delamination for creating microchannels
emerged from a study that systematically introduced inter-
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face regions of low adhesion [8]. The method entails con-
trolling the path and width of the delamination by laying
down on the substrate, prior to deposition of the film, a
layer of a third material having low adhesion with the film
and coinciding with the desired network of channels. For
combinations of film stress and thickness chosen to deco-
here only the low adhesion regions, the delamination, once
triggered, traverses the entire low adhesion pattern creating
a network of channels with precisely formed cross-sections
having sub-micron openings.

The system used to demonstrate the feasibility of the ap-
proach employs a silicon substrate, gold deposited in pre-
scribed patterns by e-beam lithography as the low adhesion
layer, and vapor deposited films of diamond-like-carbon
(DLC). Films ranging in thickness from 15 nm to 260 nm
have been deposited. The equi-biaxial compressive stress
in the film is gy =2 1 GPa. The channel width is determined
by the width of the low adhesion layer and was varied from
200 nm to tens of microns. The amplitude of the buckled
film determines the opening of the channel; it ranges from
tens to hundreds of nanometers.

Channel networks have been created with varying de-
grees of intricacy: straight strips (Fig. 1a); sequenced zig-
zag channels (Fig. 1b); rectangular grids (Fig. 1c); and hex-
agonal grids (Fig. 1d). For the specific system, DLC film is
well known for its electrical and mechanical properties such
as electrical insulating capability and high elastic modulus
[4, 8]. Furthermore, in addition to its potential biocompat-
ibility and chemical inertness [9, 10], its wear resistance
makes it attractive for prolonged lifetimes [10, 11] and its
transparency allows visualization of flow within the chan-
nels. The gold layer is also attractive for its inertness in bio-
logical and chemical environments [12—14].

Guidelines derived from the mechanics of buckle dela-
mination [1-8] are proposed for choosing the film thick-
ness along with constraints on the adhesion energies to
arrive at designs for specific channel widths and openings.
Procedures used to create the present system are outlined
in the methods section, including integration with a micro-
interface with inlet and outlet ports, and a specific flow sys-
tem is demonstrated.
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Fig. 1. Networks of channels of DLC films on Si substrates patterned
using Au as the low adhesion layer, as viewed by optical microscopy.
Amplified sections are shown on the right. In all these cases the width
of the low adhesion strips is such that the telephone cord morphology
forms.

2. Experimental procedure

The process for developing the micro-fluidic system is di-
vided into two overall steps: creation of the buckling pat-
tern array on substrate (Fig. 2a—d), and fabrication of the
PDMS integration layer (Fig. 2e—h).

2.1. Channel network

Regions of an Au layer coinciding with the desired channel
network were patterned onto Si substrates with e-beam
lithography techniques in a clean room environment fol-
lowed by DLC deposition [8]. A positive e-beam resist
(ER) layer was spin-coated on Si (100) followed by e-beam
exposure of the regions selected for low adhesion with reso-
lution to 20 nm for the strip width. A thin layer of Au
(2 ~ 3 nm) was ion-coated over the patterned region, fol-
lowed by removal with acetone and alcohol of the ER layer
covering the regions designated for high adhesion. The
DLC film was then deposited by the method of PECVD
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Fig. 2. Procedures for fabrication of the network of micro-channels
and its integration with a connector package. Creation of the micro-
channels in (a) to (d) using lithography methods and thin film deposi-
tion. Construction of PDMS integration package in (e) to (h) containing
connector tunnels and millimeter-sized inlet and outlet holes.
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using a capacitively-coupled r.f. glow discharge. Based on
prior experience, deposition conditions can be set such that
film characteristics such as modulus, thickness and pre-
stress can be reproduced. The gas phases are C¢Hg, at a
pressure of 133 Pa with deposition time ranging from sev-
eral seconds to three minutes resulting in DLC film thick-
ness of 15 ~ 260 nm and resulting in a residual compres-
sion between about 0.9 and 1.5 GPa in the equi-baixial
state [4, 8]. Buckle delaminations are triggered at a wide
area of low adhesion laid down at one end of the channels
(e.g. Fig. 1a), prodded by the AFM if necessary.

Although no direct observation of the location of the in-
terface delamination crack was made, separation is believed
to occur at the interface between the Au and the DLC due to
the low adhesion between these materials. Film stresses and
buckling geometries were determined using standard curva-
ture measurement techniques and atomic force microscopy
(AFM, AutoProbe CP Research sys.). Sections through
the channel were made by using the Dual-Beam FIB
(NOVA200, FEI Company).

2.2. Integration with a PDMS micro-interface

The second overall step stacks a PDMS layer [15-27] on
the buckling channel array as depicted in Fig. 2e—h. Sub-
millimeter-sized tunnels for conducting fluid to the fluidic
network are laid down on top of the DLC using thick
photo-resist (PR) lines which are subsequently dissolved
away. Then, PDMS in a liquid state is poured on the DLC
and PR lines. Metal “posts” of several millimeters in dia-
meter are positioned at locations selected for inlet and out-
let holes to the tunnels. The inlet hole can also serve as a
storage “tank”. The PDMS is cured; the posts are removed;
and the PR is stripped away from the tunnels with acetone
and ultrasonic stimulation. Stripping the PR also breaks a
hole in the DLC film at the ends of the tunnels, creating
the openings to the microfluidic network. The resulting
PDMS layer has a thickness of 3 mm with good adherence
to the DLC film. The geometry of the DLC channels does
not appear to be altered by the PDMS, and it is likely the
PDMS provides protection and extra support for the thin
buckled DLC film, particularly at the film holes. For de-
monstration purposes, an integrated micro-chip (Fig. 3)
was created with a network of parallel DLC channels and
infiltrated with water as described above. A simple mixing
experiment in a nanoscale opening channel was also de-
monstrated by stamping the buckling channel on PDMS
(Fig. 3b). Pure water (right inlet) and fluorescent water (left
inlet) were introduced on the two inlets in Fig. 3c. The
fluorescent dyes (Fluorescein sodium, Aldrich chemical
company inc. WI, USA). The fluorescent light intensity of
green color was collected along the streamwise direction
using an optical microscope equipped with a fluorescence
ramp (EBQ 100). A channel 7.6 pm in width and 500 nm
in maximum height was chosen and a flow speed 5 cm s~!
was achieved by controlled pressure.

3. Results and discussion
3.1. Dimensions of buckling channel

Denote the Young’s modulus, Poisson ratio and thickness
of the film by E, v and h, respectively, the half-width of
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the channel by b, the in-plane bi-axial compressive stress
in the unbuckled film by gy, the work/area of separation of
the low and high adhesion interfaces by I'¢c and I"2bstrae,
respectively.

A fundamental reference length is

by

T E
VT vz)\/ﬂ—o M

corresponding to the half-width of an infinitely long
clamped plate subject to in-plane stress g at the onset of
buckling [1-5]. The clamped plate model provides an ex-
cellent approximation to the behavior of the buckled film
as long as the substrate is thick and its modulus is compar-

(®) (©

Fig. 3. (a) Sequence of images viewed through the transparent DLC
film (120 nm thickness) of the front of a water column flowing through
a telephone cord channel of width 10 um and cross-sectional area
2.4 um?. (b) Mixing of two flows was performed using Y-shaped buck-
ling channel stamped on PDMS. (c) The water with green fluorescent
dyes (left) and the pure water (right) were joined at a junction. The
length for complete mixing was measured as / ~ 34 um. Channel size
was 7.6 pum in width and 1.9 pm? in cross-section area. Bar = 5 um.
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able to that of the film [18]. Equally important is the elastic
energy/area stored in the unbuckled film available subject
to release under plane strain:

agh

Gy = m (2)

The two morphologies of the buckling mode revealed along
the tapered strip in Fig. 4, the Euler mode (narrow region)
and the telephone cord mode (wide region), depend on
b/by [3, 8]. For v = 0.3 (for DLC), the Euler mode exists
for 1 < b/by < 2.6 while the telephone cord mode exists
for b/by > 2.6. For the Euler mode, the energy/area avail-
able to separate the interface averaged over the curved front
of a delamination propagating under steady-state conditions
is [1, 8]

b\ 2\
Gy = G0<1 - (30) ) (3)
If 1 < b/by < 2.6, the condition for delaminating the low
adhesion interface is

G <1 . (%)>> re @)

If b/by > 2.6, such that telephone cord buckling occurs, G
is somewhat larger than the result in Eq. (3); to a good ap-
proximation, the requirement becomes Gy > I'¢ [8]. The
delamination crack front imposes both tensile and shear
stress intensities on the interface and, thus, the relevant in-
terface energy, I'¢, is that associated with the correspond-
ing mix of intensities [4].

The condition that the delamination be contained by low
adhesion strip requires that the energy release rate along
the sides of the delamination, Ggge, be less than [75ubstrat,
Giige 1s larger than G [2, 5]; it is adequately approximated
for present purposes by Ggge = Go. Thus, I ?bs"“te > Gy
ensures delamination will be confined to the low adhesion
pathways.

A channel cross-section is photographed in Fig. 4a and
depicted in Fig. 4b. The opening displacement of the Euler
channel is w = wyx (1 4 cos(my/b))/2, where y is meas-
ured from the center of the buckle, and

@ o

The cross-sectional area of the channel is

b 2hb?
A:/ wdy = bwpax & —— (6)
—b \/§b0

The approximations in Eqgs.(5) and (6) apply when
b > 2by. They are strictly applicable only for 1 < b/
by < 2.6, however they are approximately applicable for
the telephone cord buckles [4].

A series of tapered low adhesion Au strips, such as that at
the top of Fig. 4, were patterned with DLC films deposited
on top under identical conditions to seven thicknesses ran-
ging from 15nm to 260 nm. The delamination propagates
along the strip giving rise to the telephone cord morphology
at the wide end and transitioning to the Euler mode as the
strip narrows [8]. It arrests at the point where the strip width
drops below the critical value in Eq. (4). Based the arrest
data, the DLC/Au interface has I'c ~ 0.1 Jm~2. Measure-
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Fig. 4. (a) Delamination along a tapered low adhesion region. Cross-section of a channel cut with a focused ion beam viewed with a 52° tilting an-
gle. The delamination buckle is triggered at the wide end and propagates toward the narrow end, arresting when the energy available to decohere the
interface fails to satisfy Eq. (4). The telephone cord morphology at the wide end transitions to the Euler mode towards the narrow end. Tapered de-
laminations for seven film thicknesses were measured at locations along their length to generate data on (b) delamination amplitude and (c) delami-

nation cross-sectional area.
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ments for the DLC/Si interface indicate that """ lies
between 4 and 5 Tm~2 [19].

The profile of the buckle was measured at numerous
points along the strip using an AFM, providing the experi-
mental points of maximum buckle height versus width
plotted in Fig. 4b for each of the seven film thicknesses.
The same data was used in connection with A = bwp,x to
plot the cross-sectional area of the channels versus channel
width in Fig 4c. For each thickness except 7 = 75 nm, the
data fall in the range such that wp,, > 2k implying, from
Eq. (5), that b > 2by. Thus, by Egs. (5) and (6), it is ex-
pected that wy,x < b and A b? for each film thickness,
as seen in Fig. 4. Moreover, by Eq. (1), by o h, and thus it
follows that wp,x and A should be independent of A if
b > 2by, as is indeed evident in Fig. 4. The only exception
is the film with 7 = 75 nm where the smallest values of b
are only slightly larger than by.

3.2. Fluidic channel application

At the scales relevant here, fluid can move through the
channels driven by capillary action if hydrophilic condi-
tions exist between the fluid and the channel walls [20—
22]. With y as the surface tension of fluid and 6, and 0,
denoting its wetting angles with the film and the low ad-
hesion layer, respectively, the pressure drop across the
meniscus in a channel having uniform height, H, is
Ap = y(cos 0; + cos 0,)/H. For laminar flow, the average
fluid velocity due to this pressure drop along a channel of
length L is V = ApH?/(12uL) where u is the fluid viscos-
ity. If H is identified with the average opening of the chan-
nel, Wimax /2, then the flow in a channel open to the atmo-
sphere at both ends with a meniscus at one end has [21—-23]

Ve y(cos 0y + cos 02) Wiax )
24uL

For water in channels of the size created here, Ap will gen-
erally exceed ten atmospheres assuming adequate wetting.
The DLC and Au are hydrophilic with wetting angles of
less than 70 degrees [24] and nearly zero [25-26], respec-
tively.

Straight channels of telephone cord buckle delaminations
of width 10 um and length 1.5 mm were created with inlet
and outlet ports in an integrated package (Fig. 2). De-io-
nized water was introduced at the channel inlet and a series
of snap shots through the transparent DLC film (Fig. 3a) re-
veal the front of the fluid propagating along the channel.
The front remains perpendicular to the centerline of the
channel as the fluid moves through the channel. The velo-
city of the fluid can be controlled by adjusting the inlet
and outlet pressures. When these pressures were atmos-
pheric, velocities of the order of 103 m s~ ! were observed,
in accord with Eq. (7). To facilitate photography, the flow
in Fig. 3a was slowed by controlling the outlet pressure.

In order to illustrate one use of these channels for manip-
ulation or control of fluidic motions, we investigated fluid
mixing. In particular, at a Y-shaped junction in a buckled
channel (Fig. 3b) we combined a stream of pure water with
fluorescently labeled water (Fig.3c). The typical time
for flow to convect through a length, L, along a channel
is L/v, where v is the average velocity. The time to diffuse
the width of the channel is b? /Do [27, 28], where
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Do 1s the molecular diffusion coefficient; Dy =
3.0 x 107'° m?s~! for a fluorescence dye molecule. So un-
der the assumption of purely diffusive mixing, we expect
comple2te mixing over the cross-section of the channel when

L~—v~2mm, for the channel with 5=3.8 um,
'mol
v =5 cm s~!, Our preliminary data is inconsistent with this

prediction since for the flow in the channel in Fig. 3c, the
length for complete mixing was measured as L ~ 34 um,
which suggests that flow enhancement mixing is occurring
rather than diffusive mixing. These observations of convec-
tively enhanced mixing are the subject of on-going work
and will be reported in a future communication.

4. Conclusions.

In summary, we have reported a method, utilizing buckle
delamination of thin films, for controlling the shape and
connectivity of a network of nanoscale channels. Channel
dimensions have been fabricated with cross sectional areas
ranging from 1072 um? to 10 um?. The approach is useful
for developing confined fluidic networks of precise chan-
nels for world-to-chip microfluidic devices [28—-30]. As
we have demonstrated, intricately arrayed networks can be
assembled with channels of varying dimensions containing
individual channels that are tapered. Potentially, a wide
range of materials are available for the film and the low ad-
hesion layer which together form the confining “walls” of
the channels. Channel networks can thereby be assembled
from materials with elastic moduli and imperviousness
characteristic of metals and ceramics as opposed to the soft
materials currently used in fabricating most microfluidic
channels. Moreover, the properties of these materials can
be selected for compatibility with specific chemical or bio-
logical environments. Filters and sieves formed as channel
sequences having different cross-sections for sorting sub-
micron particles in a fluid are potential applications.
Further exploratory efforts are underway to study the poten-
tial of networks with Y-junctions, telephone cords and zig-
zags as nanoscale mixers.

This work was supported by grants from the Korea Research Founda-
tion Grant M01-2005-000-10198-0 (M.-W.M.) and grant NSF DMR
0213805 to Harvard University (J.W.H. and H.A.S.).
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