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Abstract

A unigue phenomenon, ion-enrichment and ion-depletion effect, exists in nanofluidic channels and is observed in amorphausSsjlicon (
nanochannels as shallow as 50 nm. As a voltage is applied across a nanochannel, ions are rapidly enriched at one end and depleted at th
other end of the nanochannekSi is deposited on glass by plasma enhanced chemical vapor deposition and is selectively etched to form
nanochannels. The depth of nanochannels is defined by the thicknessebiltesyer. Low temperature anodic bondingeei to glass was
used to seal the channel with a second glass wafer. The strength of the anodic bond was optimized by the introduction of a silicon nitride
adhesion promoting layer and double-sided bonding resulting from the electric field reversal. Completed channels, 50 nm in depth, 5 micron
wide, and 1 mm long were completely and reliably sealed. Structures based on nanochannels 50—-300 nm deep were successfully incorporatec
into nanofluidic devices to investigate ionic accumulation and depletion effect due to overlapping of electric double layer.
© 2005 Elsevier B.V. All rights reserved.
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1. Introduction method to fabricate these nanochannels using a combina-
tion of conventional microfabrication techniques with anodic
Extremely small nanofluidic channels or structures are bonding. Nanochannels are forme@#&i deposited on glass

very important in research leading to detection and analysissubstrates by plasma enhanced chemical vapor deposition
of biomolecules like DNA and proteins at single molecule (PECVD)and patterned precisely by reactive ion etching. The
level [1-7]. Although some techniques are reporie®—8] depth of the channel is strictly defined by the thickness of the
to fabricate nanochannels for separation and analysis ofa-Silayer. The channels are sealed by anodic bonding with
biomolecules, there is still a need for a simple and reliable a second glass substrate. In this connection, anodic bonding
microfabrication technigue to make nanosized channels. Thebetweenx-Si (deposited by PECVD) and glass was studied
challenge is to fabricate such structures or systems with exist-in some detail. A similar technique to fabricate nanochannels,
ing processing techniques. In this paper, we report the obserhowever, is reportef®] very recently, but they used LPCVD
vation of the ion-enrichment and ion-depletion effects inher- «-Sias anintermediate layer and different dry etch chemistry
ent with nanochannel structures and a simple but efficient than ours to etch little deeper into glass. Since there is signif-
- icant difference in properties between PECVD and LPCVD
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for silicon-to-glass bonding, and it is a useful technique [20] reported an increase in bond strength if a hydrogen free
in micromechanics, for cavity sealing, device encapsulation amorphous silicon layer is sputter deposited on silicon sub-
[11-13]. The metal, or semiconductor, is bonded to the glassstrate before bonding it to a glass wafer.
by applying an external voltage with simultaneous heating,  Inourinvestigation, we studied the bond strength between
at temperatures compatible with microelectronic processing. PECVD «-Si coated borofloat glass and bare borofloat glass
The cathode makes contact with the glass, and metal, or semiwafers. The goal was to produce sealed structures, allowing
conductor, is the anode. At the bonding temperature, tie Na us to study the behavior of fluids in nanometer-scale channels
ions coming from the dissociation of NaCare mobile, and  which is not expected to be same in channels of micron depth.
migrate towards the cathode, leaving behind the oxygenions. The present study, thus, includes the preparation of
A negatively charged depletion layer is thus formed adjacent nanochannels and the demonstration of the ion accumula-
to the anode. The electrostatic force between this negativetion and depletion effects as ionic species are electrophoret-
layer and the positive charge induced on the anode brings theically transported through these channels. These effects are
two sides into intimate contact. In case of Si, it is believed caused by the overlapping electric double layer, inherent to
that & ions leave the glass due to the high electric field and nanochannels.
form S-O-Si bonds, i.e. a thin Si@layer is formed. This
assumption is supported by observation of a thin,S&yer
by Rutherford back scattering (RBEM]. 2. Experimental
Inthe bonding process, external voltage is applied between
the heating plate (anode) beneath the Si and a point con-2.1. Anodic bonding
tact (cathode) on the glass. The bonding starts at the point
contact and spreads radially. The radially spreading bonding The process was carried out on temperature controlled
front makes it less likely for air to become trapped between heater plate capable of reaching 5@ A dc power supply
the Si and the glass. Borosilicate glass (e.g. Corning Pyrexwas connected to bias theSi positively with respect to glass
7740 glass) is usually used since it has a thermal expansion(Fig. 1). A current meter was connected in series to measure
coefficient that is almost equal to that of Si. It also has the the time evolution of current during bonding and to monitor
necessary electrical conductivity at the temperature at whichthe progression of bonding. A typical bonding process was
the bonding process takes place. Pyrex glass consists of 80%arried out on wafers 100 mm in diameter, at 350-400and
SiOy, 13% B,03, 3.5% NaO, and 2.35% FgO3 and AbOs. a bias of 1-1.2kV for 20 min. The current behavior during
Although soda lime glass has more sodium than Pyrex, it bonding of glass ta-Si is illustrated inFig. 2. The initial
is very difficult to use in anodic bonding because of large current increased rapidly to as high-a8 mA and decayed
mismatch of thermal expansion coefficients. to the level of~2 mA in about 3 min time. Further decrease
The strength of bonding between the two wafers seal- in current occurred very slowly. The bonding takes place in
ing channels is very important for performance of micro/ the initial 3—4 min but the bond gets stronger as the wafers
nanofluidic devices. Abe et 4lL5] gave detailed account on are kept for longer time under electric field.
bond strength between thermally attached quartz and thinned
Siwafer. They observed a relationship between the thickness2.2. Deposition of amorphous silicon and dry etching
of Si and the bonding temperature required for complete
bonding to take place. Maszara et HI6] measured the Thin films of amorphous silicon («-Si) with different
bond strength of thermally bonded oxidized Si wafers. In thicknesses were deposited in a P-5000 cluster tool (Applied
crack propagation experiments, the surface energy was foundVaterials) at a susceptor temperature of 36&and a cham-
to increase with the bonding temperature. Obermgi@&t ber pressure of 2.5 Torr. The plasma power was maintained at
reported on Si to Pyrex bond strength measurements. How-50 W and gas flows of 200 sccm Sjlih 2000 sccm Ar were
ever, in all samples the break occurred in the glass and not atused. Under these conditions, layersxe8i with the thick-
the Si/glass interface and the bond strength could not be deterness range of 50 nm to 1u5n could be readily deposited
mined. Although there are some reports availfbse-20]for at a rate of~180 nm/min. A thin layer of silicon nitride was
glass to glass bonding using an intermediate thin amorphous
silicon layer (not deposited by PECVD), little is known about
the bond strength of PECVD amorphous Si to glass system. }
Choi t a15) Sued glss-0-das cecvosaic onang o+~ [T
for providing an in situ vacuum packaging of an FED panel a-Si _y i
in an ultra-high-vacuum chamber using amorphous silicon  class— [T [T
films deposited by radiofrequency (rf) sputtering technique
on Sn-doped I503 coated glass substrates. Berthold et al.
[19] studied glass to glass anodic bonding using standard
IC technology thin films including LPCVD polysilicon and
amorphous silicon as intermediate layer. Recently, Wei et al. Fig. 1. Schematic of anodic bonding setup.

Cathode

Hot plate (anode)




A. Datta et al. / Talanta 68 (2006) 659-665 661

Fig. 3. A complete device with ports attached.

were plasma etched into the Si and the glass was pat-
terned using wet etching in HF (48 wt%) for 5 min to form
channels~50um deep. Access holes, 1 mm in diameter,
were drilled at the termination of the U-shaped microchan-
nels using diamond bits. The photoresist was subsequently
removed from both wafers in acetone under ultrasonic agita-

. . tion andu-Siwas removed from the wafer with glass channels
deposited, in some wafers, between the glass substrate and the g

o-Si. Its purpose was to improve adhesion betweesi and using KOH. The two wafers were then aligned under a micro-

the glass and thus produce a stronger bond in the subsequera(/mpe and anodically bonded to fabricate complete devices.

L . . . . hav fully fabri nanochannels with th h
nanofluidic device. The 8 nm thick adhesion layer of\Gi € have successfully fabricated nanochannels with the dept
. of 50nm, 100 nm, 220 nm, 300 nm, 922 nm, and 1475nm
was also deposited at 385G, a chamber pressure of 4 Torr. . . o :
: ..o using this process. It is important to point out that the low
The layer was prepared using gas flows of 25sccm of SiH temperature of bondingy400°C, allows us to prepare ver
1500 sccm of M, and 1000 sccm of Ar, at a plasma power P g ' brep y

of 100 W. Prior to deposition borofloat glass substrates were shallqw nanochannells with high degree of precision. T_he
: S bonding temperature is well below that of the softening point
degreased in acetone, methanol, and de-ionized (DI) water

followed by Piranha etch (#504:H»0 = 2:1) and a second of gla_lss, 620C, and the chf':mnels are not deformed in the
DI water rinse bonding process. In all devices, plastic ports used as reser-

The channel structure was defined by photolithography voirs were attached with epoxy to facilitate injection of fluids

and the exposedSiwas dry etched in aninductively coupled :Etginagochannels. A photograph of atypical device is shown
plasma (ICP) chamber. We usedFRg at 80 sccm and @at g2

7 sccm, resulting in the chamber pressure of 160 mTorr, under

ICP power of 300 W. These conditions resulted in an etch rate 2.4. Bond strength measurements

of ~75 nm/min.

Fig. 2. Behavior of current as a function of time during anodic bonding.

Bond strength was measured using an Instron tensile tester
2.3. Fabrication of nanochannels and anodic bonding with different sample configurations. For shear test, two glass
slides (each 1 mm thick) were used and an area of quarter

Two lithographic masks, one containing an array of by 1in. (1/4in.x 1in.) was bonded. Aluminum (Al) strips,
nanochannels of varying widths and lengths (Mask-I) and 1-2mm thick, were glued to the unbonded glass surfaces
another containing U-shaped microchannels for connectingt0 give extra strength and support to the sample. It is to be
the nanochannels at both ends (Mask-I1), were used. Thenoted that glass is brittle and samples break in the shear test
nanochannels were preparedisSi layers of varying thick- ~ even after taking this precaution. A less damaging pull test
ness used as spacers between two glass wafers, with th&vas also used. Test structures, 5mrimm areas ob-Si
thickness of thex-Si layer defining the channel depth. The defined on a glass wafer by patterning and dry etching in a
channel width was defined lithographically using Mask-land 25mmx 25 mm sample, were prepared for this experiment.
the channel array transferred into %Si layer by dry etch- Such structures were then anodically bonded to bare glass
ing. Another glass substrate was covered with a relatively Wafers of same size and tested. A special jig was made and
thick layer of a-Si (~600 nm) and patterned with Mask-Il ~ glued to one side of the sample and an Al strip was glued to
forming microchannels. On this wafer, the microchannels the other sideFig. 4(a and b) shows the test configuration.
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Fig. 4. Schematic of (a) ‘shear’ and (b) ‘pull’ test configuration for testing bond strength.

3. Results and discussion ments were easier to perform and most of our measurements
were carried out that way. A typical experimental plot of
3.1. Bond strength Fig. 5shows how a bonded sample (4@ 3 h) fails under a

pull type tensile test. ThE-axis shows the relative displace-
Results of bond strength measurements carried out for ament between two glass pieces anditkexis shows the load.

number of samples are summarizedrable 1. Pull experi-  The maximum load indicates the optimum force at which the
Table 1

Values of bond strength of different samples

Sample # Material 1 Material 2 Temperatut€} Test type Bond strength (NAnx 10 Comment

1 a-Si/glass Glass 400 Shear 111

2 a-Si/glass Glass 400 Pull 114

3 a-Si/glass Glass 400 Pull 340 Electric field applied on both sides

4 a-Si/SBN4 Glass 400 Pull 110 Glass chunk remained on surface
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nanochannelis smaller than twice the double-layer thickness,
the double layers from opposite sidewalls will overlap. When
avoltage is applied across the length of the channel, we expect
to see an ion depletion or accumulation in the end regions
of the nanochanng®3,24]. When the nanochannel is filled
with a fluorescent electrolyte (fluorescein), the ion depletion
and accumulation will cause an increase and decrease in flu-
orescence intensity at each end of the nanochannel. In our
devices, nanochannels were filled with the fluorescein solu-
tion using the reservoirs and via the U-channels. A voltage
of 500V was applied across the nanochannels and the accu-
mulation/depletion effects were observed from all devices,
demonstrating channel continuity and completeness of the
seal for channel with the width of om and the length of
1 mm. Channel continuity could be obtained reproducibly
: : ; : ; ; : : for thea-Si thickness down to 50 nm.
( — T T T T It is interesting to note that the liquid was pulled into the
3152 3156 3160 364 3168 nanochannel by the capillary action and no external pressure
Fosion iy was needed. The liquid velocity was reduced with decreas-
Fig. 5. Experimental plot showing bond strength for a sample («-Si/glass, ing channel depth and it took about 1 min to fl”,the shal-
400°C/3 h) under pull type tensile test. lowest channels (50 nm deep). The electrophoretic transport
experiment was performed after the solution was filled and
two pieces separate. In most of the initial test we observed thatequilibrated in all the channels for more than 5 min to ensure
the a-Si layer was transferred from one glass surface to the reproducible results.
other, indicating that the bond strength is primarily depen-  More detailed data for 300 nm deep nanochannels, with
dent on the adhesion strength @fSi to the original glass ~ 5um in width and 1 mm in length, are illustrated Fig. 6.
surface. To improve adhesion @fSi to glass, a thin silicon ~ The connecting U-channels were filled with a solution con-
nitride layer was pre-deposited on glass surface, as describedaining 20uM fluorescein in 10Q.M sodium tetraborate (pH
above. With this layer we were not able to iftSi from the 9). As this solution was flushed through one U-channel, the
glass. In these samples where a thin adhesion promoting sili-capillary effect drew the solution into the nanochannels. After
con nitride layer is applied before Si deposition, two pieces  the other U-channel was flushed with the same solution, a
of a bonded sample separate at the interface 8fand bare voltage of 500V was applied to the two U-channels with
glass surface. We also attempted to reverse the electric fieldhe anode in the U-channel on the left-hand side and cath-
applied to the sample, after the bonding, in order to improve ode in the other U-channel. Because the U-channels were
the bond betweet-Si and the original glass surface onwhich wide and deep, most of the voltage was applied across the
it has been deposited. This experiment resulted in the highesthanochannels. A CCD camera mounted on a confocal fluo-

bond strength of 34 10* N/m?. rescence microscope with a 4objective was used to monitor
the fluorescence intensity change in the end regions of the
3.2. Nanochannel device characterization nanochannels. A HBO 50 W mercury lamp was used as exci-

tation source and a filter assembly suitable for fluorescein

Electrophoretic transport of ionic species in nanochan- was used for excitation and fluorescence collectkig. 6
nels presents unique characteristics originating from the presents four consecutive images showing the fluorescence
solid—liquid interface, more precisely from the electric intensity change in the end regions of the nanochannels after
double-layer overlap. If the channels are in micrometer-scale, the voltage was applied. The fluorescein in the nanochannels
the double layer occupies a small portion of the volume and could not be seen because of the very small volume (1.5 pL) of
no difference between fluid behavior in these channels andfluorescein solution in the nanochannel. Before the voltage
in the bulk is expected. As the channels are narrowed downwas applied, the fluorescent intensities in both U-channels
to the nanometer regime, the double layers starts overlappingwere equal (Fig. 6a). Once the voltage was applied, the fluo-
and unique properties emerge. rescent intensity increased near the cathode end (right-hand

A surface of the glass channel is negatively charged due toside) region and decreased near the anode end (left-hand side)
ionization of silanol groups and a positively charged diffusion region of the nanochannels rapidly. The detailed interpre-
layer is automatically formed near the surface. This diffusion tation of these effects in nanochannels has been described
layer, combined with the oppositely charged surface, is called [23,24] and detailed description of the effects on different
electric double layer. The thickness of the diffusion layer usu- depths, channel length, electric field strength, and width with
ally varies from a few to hundreds of nanometers, depending different concentrations and pH of buffer solutions will be
on the solution compositiof21,22]. If the dimension of a  reported elsewhere.
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Fig. 6. Depletion/accumulation effect of nanochannels. (a) A schematic diagram of the nanochannel device. The two U-channels were connected by 50 parall
nanochannels. Nanochannel dimensions: 1 mnx(&).m (W) x 300 nm (D); U-channel dimensions: 30 mm ¢L)L mm (W) x 50 um (D). (b) Animage from

the dashed-line boxed area afterid@ fluorescein in 10QuM sodium tetraborate (pH 9) was filled in all channels. The image was collected using a CCD
camerg?23,24]. (c—e) Images from the same area after a voltage of 500 V was applied across the nanochannels for 1s, 5s, and 10, respectively.
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