Sensors 2008, 8, 3848-3872; DOI: 10.3390/s8063848

SENS0r'S

| SSN 1424-8220
www.mdpi.org/sensors
Article

Fabrication and Char acterization of Silicon Micro-Funnels and
Tapered Micro-Channelsfor Stochastic Sensing Applications

MarieJ. Archer * and Frances S. Ligler

U. S. Naval Research Laboratory, Center for Biomakr Science and Engineering
4555 Overlook Ave SW, Washington D.C., 20375, UEAnail: frances.ligler@nrl.navy.mil

* Author to whom correspondence should be addredsedail: marie.archer@nrl.navy.mil

Received: 14 May 2008; in revised form: 5 June 2008 / Accepted: 6 June 2008 /
Published: 9 June 2008

Abstract: We present a simplified, highly reproducible praces fabricate arrays of
tapered silicon micro-funnels and micro-channeisgis single lithographic step with a
silicon oxide (SiQ) hard mask on at a wafer scale. Two approaches wsed for the
fabrication. The first one involves a single wetisatropic etch step in concentrated
potassium hydroxide (KOH) and the second one ignabined approach comprising Deep
Reactive lon Etch (DRIE) followed by wet anisoto@tching. The etching is performed
through a 50Qum thick silicon wafer, and the resulting structusee characterized by
sharp tapered ends with a sub-micron cross-settame® at the tip. We discuss the
influence of various parameters involved in theritadiion such as the size and thickness
variability of the substrate, dry and wet anisoitoptching conditions, the etchant
composition, temperature, diffusion and micro-magkeffects, the quality of the hard
mask in the uniformity and reproducibility of thérustures, and the importance of a
complete removal of debris and precipitates. Thesgmce of apertures at the tip of the
structures is corroborated through current voltagasurements and by the translocation of
DNA through the apertures. The relevance of theltesbtained in this report is discussed
in terms of the potential use of these structurestiochastic sensing.
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1. Introduction

Silicon micromachining techniques are widely used uarious fields of engineering and
biotechnology due to the possibility of fabricatisguctures with high aspect ratio and an extensive
variety of geometries [1, 2]. Among them, dry aret wilicon etching techniques are, by far, twohaf t
most important bulk micromachining processes. Téreyconsidered to have defined the beginning of
micromachining and the MEMS discipline due to thelevance in the fabrication of MEMS and
BioMEMS [3].

On a [100]-oriented silicon wafer, wet anisotrogithing through a square mask will produce
pyramidal structures with a slope of 54.%ith respect to the (100) plane. This particulaometry
results from the difference in the etch rates betwthe (111) and the (100) planes. The etch depth
depends on the size of the mask opening; thateslarger the mask opening, the longer it will téie
reach the intersection of the (111) planes andiésper the etch will be. Whether the structure &arm
has a sharp tip or a truncated pyramid will alspetel on the etching time [1, 2, 4, 5]. The trundate
pyramid structures leave a thin, un-etched regiasilicon, commonly referred to as a membrane, and
they can be made of silicon, silicon oxide or sitiqutride.

On the other hand, dry etching techniques, suddesp Reactive lon Etch (DRIE) do not rely on
the etch rate of different crystallographic plangse process uses a dry plasma of reactive spinges
interacts primarily with the exposed silicon sudaavhile the sidewalls are protected from etchipg b
a passivation layer. The process can be carriedtaobm temperature (Bosch process) or at cryegeni
temperatures (-100 to -18Q). The Bosch process consists of continuous simjchetween etching
and passivation steps usingsBulfur hexafluoride) as etchant angFg(octafluorocyclobutane) as a
passivation material. In the cryogenic process,sidewall protection is driven by the formation af
blocking layer and by the reduction of the silicrrface reactivity due to the cryogenic environment
[6, 7]. Structures with very high aspect ratios t&nfabricated using these two techniques; the only
difference is the smoothness of the trench sidewdlich is significantly enhanced in the cryogenic
process.

Dry and wet etching techniques have been succissfaimbined to fabricate complex three-
dimensional structures in silicon for microfluidiegplications [8], electrical isolation on MEMS
devices [9], and single-cell analysis [10]. Tapeoed-of-plane nozzles, nanopipettes and needle-type
arrays for various applications ranging from inkgthnology to tools for nanofabrication [11-17{&a
also been realized, but their fabrication is com@ad requires multiple etching and deposition step
to acquire the desired out-of-plane characteristjeemetry, size and uniformity.

In this paper we present a fabrication approach ¢benbines wet and dry etching of silicon to
produce deep (~500@m) tapered structures using a single lithograptep sind a silicon oxide hard
mask. We envision the use of these structurespassible alternative to the currently used solatest
nanopores for stochastic sensing. For this paaticapplication, the ionic current through a single
nanometer size aperture is measured in the pres#naa analyte of interest (i.e. DNA or small
molecules). The passage of the analyte throughném®pore will produce a characteristic current
blockade that identifies its presence [18]. Cullyesingle nanopores are fabricated on silicon i
nitride membranes using ion beam-enhanced etchirgyilssequent anisotropic etching, followed by
narrowing through deposition or thermal oxidatia82]. Recently, it was suggested that having this
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nanopore at the tip of a tapered or conical strectather than in the center of a planar surfaceild
present three important advantages for stochastisirsg: 1) increased temporal resolution, 2) larger
basal ionic currents and 3) higher detection seftgifas the electric field is highly concentratatdthe

pore tip [23-24]. For instance, Mara and co-work@3] recorded DNA translocation times in the
order of miliseconds using conical nanopores, whglsignificantly slower than the microsecond
duration events reported for cylindrical nanopdedsicated in silicon nitride membranes [20]. Also,
due to geometrical differences, conical nanoporasehlower ionic resistance than cylindrical
nanopores; a difference of at least two orders ajmitude has been measured and this translates into
an enhanced rate of analyte transport [25].

So far, tapered nanopores have been realized gmpoimembranes using ion track etching [25-28]
and on glass using wet chemical etching [29-31)weleer, to the best of our knowledge, there is no
documented approach on the fabrication of tapea@dmores in silicon.

In this paper we present the results of the fitgps toward the fabrication of tapered structures,
referred to as micro-funnels and tapered micro-ohbn which could potentially be used in stochastic
sensing. A schematic of the structures is showigure 1.

Figure1l. Schematic representation of the micro-funnelstapdred micro-channels.

<100> <100=>

150 pm

500 pm

Micro-funnels Tapered micro-channels

The differences in shape and dimensions could kd ts study the effects of the diffusion and
electric field distribution in the stochastic serggsiof biomolecules or other analytes. An important
motivation of the present work was to fabricatesthstructures in a simple and reproducible manner a
wafer scale. For this purpose, we used a singhleodiaphic step followed by either deep wet
anisotropic etching or dry isotropic etching congainvith wet anisotropic etching. We investigated
the effect of the temperature and composition ef ¢éfchant, the characteristics of the hard mask,
diffusion and micro-masking effects on the chanasties of the resulting layers. We also discuss th
challenges in fabricating these particular typessiéictures at a wafer scale. The structures were
analyzed through optical and scanning electron aeaopy. Current-voltagd-{/) measurements and
DNA translocation experiments were performed teasshether an aperture was present at the tip,
and we present an example of such results.
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2. Results and Discussion

The motivation for this work was to investigate pessibility of fabricating, in a simple manner, at
a wafer scale, tapered structures with sub-micremetoss-sectional areas for potential use in
stochastic sensing. For this purpose, we invesiijatsimplified process of fabricating micro-furmel
and tapered micro-channels using a single lithdgcagtep. The micro-funnels were fabricated using a
single wet anisotropic etching step in 9 M KOH. Tthpered micro-channels were fabricated using a
combined approach of dry etching (Bosch procesilncate the shaft of the micro-channel followed
by wet anisotropic etching in KOH to taper the ehghatft).

2.1. Effect of wet anisotropic etching conditions in the fabrication of micro-funnels

2.1.2 Etchant Composition.

Anisotropic etching of silicon comprises a continsmxidation and dissolution process in which
variables such as etchant composition, concentratgmperature and the presence of mediators affect
the characteristics of the structures [4, 32-35].important parameter to consider is texturizatbn
the surfaces characterized by the presence of pyi@mids resulting from the re-deposition of the
reaction products as well as the presencedbbbles acting as “micro-masks” [34-37]. It is im0
that these artifacts can be minimized through #eaf highly concentrated hydroxide solutions @p t
15 M) at temperatures up to 85 with or without the addition of isopropyl alcoh@PA) [12, 35-36].

Since the fabrication of the micro-funnels reqdiegching through the whole wafer, re-deposition
of precipitates was an important concern. The fts{pp was to optimize the etching conditions to
minimize texturization and to produce uniform siddie: Although it is was not clear at this pointAho
the micro-pyramids could affect the final shapettué tip, we expected that their presence on the
sidewalls could interfere with the formation of tteger. For the intended purpose of these devices
(stochastic sensing), anything interfering with themation of the taper would affect the geometiy o
the tip and therefore the ionic current flow and thsistance. As a starting point for the optiniagt
we used the conditions published in the literatuigich are 5-10 M KOH solutions at 8G with IPA
addition. In a first set of experiments, rathemtlalowing the etching to proceed until the forroatbf
a sharp tip, we evaluated the structures whileatepl was still visible at the bottom. All the stures
fabricated with IPA resulted in texturized surfackaracterized by the presence of micro-pyramids on
the bottom and the sidewalls of the structures. Mérethese structures had an octagonal or a square
base (hillocks) depended mainly on the etching timg they were always present regardless of the
hydroxide concentration.

Zubel and co-workers [36] observed this same effeprolonged etches (3-5 hours) and attributed
it to reaction products on the etched surface gcés micro-masks. In our case the etching was
performed for a shorter period of time (~1-2 hBgspite the fact that within this regime the aduiiti
of IPA has proven to produce smooth surfaces (avémw KOH concentrations) [35, 38], we were not
successful in producing un-textured surfaces. Wee\ee that the discrepancy with the published
literature is due to an excess production of reagbroducts arising mainly from the dissolutiortiueé
silicon oxide mask, which was onlyn thick for this initial set of experiments. As thard mask
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dissolves, the unprotected surfaces are also atldok the etchant, increasing the amount of reactio
products and favoring the conditions for the forerabf micro-pyramids. This effect is enhanced as a
larger surface is exposed since all the structpatterned on the wafer are contributing collectivel

the effect. It is difficult to asses the specifater of IPA under these particular conditions; givibe
high production rate of reactants, their re-depmsimight be dominating the processes making iy ver
difficult for the few IPA molecules to maintain thenoderating function enough to produce smooth
surfaces.

In order to reduce the precipitate production r@te the dissolution of the silicon oxide mask
without significantly compromising the smoothnegstlte structures, we investigated the effect of
lower etching temperatures based on the followungjiphed information:

1) Surfaces comparable to those produced al®@@vere obtained at lower temperatures if the
etchant concentration was high enough. For instatciging at 70C in 10 M KOH (without
added IPA) led to surfaces with smoothness comfmtalthose at 98C in 7-10 M KOH [35].

2) Micro-pyramid removal was attained by a short hein the same bath at the same
temperature (~60-68C) where the first etch was done. Longer re-etchinges led to new
micro-pyramid formation [36].

These observations suggest that the etching tetaperean be reduced without jeopardizing the
surface uniformity if the KOH concentration is highough, even without the addition of IPA. Since
the etch rate of silicon oxide in KOH exhibits aqpenential dependence on the temperature regardless
of the concentration [32], a reduction of only 1®°C in the temperature can represent a significant
enhancement in preserving the oxide mask and trereéducing the production of reaction products.
Also, the formation of micro-pyramids appears taaldeyclic” process which depends on the etch rate
of the crystallographic planes limiting the struesi Evidently, during a sufficiently long etch,ana-
pyramids might appear and disappear as the steutdpers. If their occurrence has been minimized by
reducing the rate of production of reaction produtiteir effect might be negligible after consegaiti
“re-etch” cycles.

2.1.2 Effect of temperature and diffusion of reactproducts.

Based on the previous observations, we explored pibgsibility of using a lower etching
temperature for the fabrication of the structuresréduce the texturization. Another important
parameter that defines the surface uniformity ésdiifusion of reaction products from the surfat®i
the bulk solution. Zubel and co-workers [36] hadjgested that vigorous stirring could be used to
prevent their accumulation. In our case we hadnwuee uniform diffusion across the whole wafer
surface, and for this purpose, we placed a magmstiticoar next to the wafer (lateral stirring) to
facilitate the movement of reaction products. Hogrewe did not observe any enhancement of the
surface uniformity; instead we observed a more quoced effect on the uniformity when the mask
width was varied even without any stirring.

In order to test how a reduction in the amountretipitates and the presence of different diffusion
constraints would affect the uniformity, we perfaunan experiment using mask widths ranging from
600 um to 1.3 mm. The etching was done at room temperatu9 M KOH for 24 hours, and the
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structures were characterized using optical miapgc(results not shown). Although optical
microscopy will not reveal detailed information abohe wall smoothness or whether the artifacts are
octagonal-based micro-pyramids or hillocks, itnsedfective way to visualize large structural featu
and to address areas where the silicon oxide magke remaining surface might be compromised.
The following observations were made:

1) The structures exhibited very uniform sidewallst there were evident inhomogeneities on the

plateaus present as pits or agglomerates relatibe toidth of the mask.

2) The presence of the pits tended to diminish witlieéasing mask widths, and the agglomerates

were only present in the structures with the smeailledths.

3) Despite the fact that the thickness of the siliogitle was only Jum thick, we did not observe

any major disruption of the mask on the remainungese.

Evidently, there is an effect of the width of theask on the homogeneity of the structures.
Diffusion of reaction products into the bulk sotutiand dislodging of Hbubbles are facilitated in
those structures with a larger width. In termshaf type of inhomogeneities observed, micro-pyramids
are more likely to be a result of micro-maskingHpbubbles or precipitates. The pits observed at the
corners on the larger mask openings were similénaccircular odoughnut-shaped in-homogeneities
described by Gonzalvez and coworkers and resuit facal variation in temperature and/or etchant
concentration [34].

In order to evaluate whether re-etching in the sawleition would aid in the removal of the
inhomogeneities, we immersed the wafer for an adit 24 hours in the same bath, this time heating
to 40°C. We added IPA to saturation to evaluate whethepuld have any significant effect (positive
or negative) on the surface texture. Figure 2 shewanning electron microscopy images of the
structures corresponding to the 600 and [Ii®0mask width structures.

The remaining silicon oxide mask was stripped ptmrscanning. These images show that the
sidewall uniformity has been preserved and the exithsk has been minimally compromised (as
evident from the smaller pits on the sides caugelrbakthrough of the etchant along localized areas
on the mask). The agglomerate of hillocks in fighaeb (600um mask width) and the circular pits on
the plateau in figure 2c-d (7Qim mask width) remained despite the increase in ¢eatpre and the
addition of IPA. So far these results indicate tt@mim temperature etching enhances the sidewall
uniformity and helps preserve the oxide mask bwsdoot eliminate the presence of texturization at
the bottom of the structures. In this particulasesae-etching was not useful in smoothing thesses.

On the other hand, the lack of enhancement witrdhistirring might be due to the difficulty in
maintaining a uniformly mixed layer over the whalerface of the 4” wafer. As described by Garcia
and co-workers, as silicon dissolves in KOH, trex@sity near the surface increases, producingea lay
known as “soluble glass” that changes the diffussdbmeaction products into the bulk solution [39].
Lateral stirring might be displacing larger amounitseaction products towards one side of the wafer
producing alterations in the local surface visgosihd favoring in-homogeneous etching. Etching
under the same conditions using front stirringr (bi@r placed perpendicular to the wafer plane
separated by at least 1 cm) did not show any emnagat in the texturization of the surfaces anderath
led to non-uniform etch rates along the wafer sigfproducing structures with pronounced steps or



Sensors 2008, 8 3854

different depths. In this case the diffusion orctaats along the surface might also be affectethby
pattern of the etchant flow.

Figure 2. Scanning Electron Microscopy images of the stmestdabricated with

a 600um (a,b) and a 70am (c,d) square mask after re-etching in the sartte dta
40 °C with addition of IPA to saturation. The presemdean agglomeration of
hillocks at the bottom of the 6Qdm mask opening as well as the circular pits at
the bottom of the 70Qm opening are still evident.

100 pm

{100 gm |

2.1.3 Optimization of conditions for deep anisotcogtching.

In the experiments performed so far, the etching stapped before the formation of a sharp tip,
and this was useful to address the surface unifgramd the presence of texturization at the botbdm
the structures. For stochastic sensing, a taper@isenecessary and this requires a longer etchirey
As mentioned before, there is no documented informata how the inhomogeneities observed
previously could affect the final shape and unifiynof the structures. Given the fact that these
artifacts are due to diffusion of reactants whaf,demonstrated before, is related in part to tidéhw
of the mask, we performed a set of experimentsgusiask widths from 700 to 40@m (figure 3).
Within this size range, etching for a certain perid time will produce structures with differentpdies
and bottom plane width&\p). Thus we can evaluate whether micro-pyramid faiona(if any) and/or
precipitate trapping occurs at different etch de@thd how it affects the final shape of the stmastu

Since the formation of a tapered end would reqaitenger etching time, we used gu& SiO,
mask to further prevent the excess production aftren products. The wafer was immersed in a 9 M
KOH solution and etched at room temperature fon®@rs without stirring and the electrolyte changed
every 24 hrs. The change in the tip dimensionsfalé®ved using optical microcopy by imaging every
12 hours (results not shown). At the end of théiatg period the structures corresponding to the 400
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500 and 60@um mask widths had reached a “slit shaped” tip irsthoases with dimensions between 2
and 6um in length (figure 3a-c). Despite the fact thagrehwas no significant formation of micro-
pyramids, we observed in some cases the presenuedpitates at the tip that were not necessarily
related to the mask width (figure 3b).

Figure 3. Scanning Electron Microscopy images of the tapdnedfrom structures
fabricated with different mask openings sizes.4@0) um, (b) 500um, (c) 600um and
(d) 700um. Etching was performed in 9 M KOH at room tempaewith no stirring.
The etching was performed to a 500 depth.

The structure formed through the 7Q@h mask produced plateaus with significantly vaeabl
dimensions and, in some instances, partial dissoluf the membrane (figure 3d). At first glance
these results are not surprising since one woydgethat, in a deeper structure with a narrow dral,
diffusion constraints would be increased, “trappingaction products and bubbles, hence hindering
the access to reactants and leading to non-uniitching. A way to facilitate the diffusion of
precipitants and the dislodging of Hubbles is to increase the temperature, whicledatise question
of how high could we go before running into thetteization issues observed previously. The
optimization of this parameter was done by testirgnge of temperatures below ®Dand assessing
the presence of inhomogeneities and/or precipithtesigh scanning electron microscopy. We found
that a temperature between 50-°65vould produce structures with a negligible amafrrecipitates
at the tip, probably by facilitating diffusion anelducing the dwelling time of the,Hbubbles.
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2.2 Assessment of fabrication reproducibility and uniformity of micro-funnels

To assess the uniformity and the reproducibilityn@tro-funnels fabricated with the optimized
etching conditions, we patterned an array of 1thelgs with 60Qum mask widths using a2m SiG,
hard mask. The separation between each elemergnveagh so that they could be cleaved to perform
current-voltagel¢V) measurements and DNA translocation experimentsoh #® assess whether etch
through the wafer had occurred. This also enalllescharacterization of each tapered structure as a
single device, which is necessary for the intenstedhastic sensing application. A practical way to
evaluate the parameters influencing the etchingtwvasclude a row of 70Qm openings in the same
pattern and to evaluate the presence of intact mamb, as well as their dimensions and degree of
texturization as an indicator of the etching uniidy. Etching was performed for 24 hours in 9 M
KOH at 65°C without stirring. Scanning electron microscopyswiged to characterize the structures.

In terms of the shape, all the structures resutteslit-shaped tip; the average cross sectioma a
for structures fabricated using the 60 masks was 0.57 8.13pm?in a sample size of 29 devices
from 3 different wafers (confidence interval of ®)0Three of the processed wafers were charactkrize
using scanning electron microscopy and optical otigpy to obtain accurate quantitative information.
Four additional wafers processed under the samditgmms were characterized by optical microcopy
and the devices obtained showed equivalent stalothiaracteristics. Figure 4 shows a representative
collection of scanning electron microscopy imagiethe tips from the structures fabricated throuugn t
600pum mask width.

Figure 4. Scanning Electron Microscopy images of the tipaofepresentative set of
micro-funnels fabricated with the optimized congfis (9 M KOH, 65°C with no
stirring). The openings were 6@Mn width and the etching was performed to a pA0
depth.
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Figure 5 shows the scanning electron microcopy esay the structures fabricated with the 00
mask openings on the same wafer and their dimessidre uniformity of the 70Qim structures, the
lack of texturization and the presence of intacimibnes are an indicator of a “uniform” etching
process, so the question that rises is what pradingevariation in the cross sectional area oftifife
As mentioned in the previous section, diffusionais important parameter, but it is probably more
significant before the full development of the <®]dlanes. That is, as these planes become exposed,
the etch rate is reduced and so is the producfio@agtion products and;Hbubbles. Thus the effect of
such factors might be less significant as the deptieases. A second possible cause for the olikerve
non-uniformities would be that the mask openingsrat a perfect square but rectangles. Even if this
was the case, as the depth increases, the chasticteof the mask aperture become less significant
and the fully developed <111> planes become thambmhfactor in the final geometry of the structure
[1]. Furthermore, if a geometrical effect was toarbk, the same elements would develop
inhomogeneously in every wafer processed, which neaghe case. A third possible cause would be
the spatial distribution on the wafer. That is, wh@ocessing whole wafers, the uniformity of the
structures would tend to diminish at the perimdiat,this was not observed either.

Figure 5. Scanning Electron Microscopy of the structuregitabed with the 70@um
square openings under the same conditions asrtletuses presented in figure 3.

The results obtained can be explained based oaryis&al’'s characteristics itself. Non-uniformities
observed in deep anisotropic etching (above |5®) have been attributed to the presence of oxygen
impurities present in the wafer as a result of ¢hestal growth process [38]. Crystal imperfections
might be also responsible for the observed nonsumiftips. As it will become clear in the following
section, these two effects along with diffusiondree more significant in the fabrication of the tagoe
micro-channels. As mentioned before, the fact thatstructures fabricated from the 7@ square
mask opening show uniform plateaus with similaaareegardless of their location supports the idea
that the non-uniformities in the tips might be do@mpurities and crystal orientations rather toémer
factors such as geometry, temperature gradieriteak changes in etchant concentration.
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2.3 Assessment of the presence of through-holes in micro-funnels

In order to evaluate whether the tapers had reathedottom of the silicon and produced an
aperture, we performed current-voltadge/Y measurements in all of them. On average, no riae
50% of the structures had etched through. Thissassent was performed by comparing the value of
the resistance calculated from the slope of Ithecurve to the one obtained with a solid piece of
silicon from the same wafer that was subject tostlime acid cleaning treatments as the micro-funnel
structures.l-V measurements have been used previously to deterthén presence of a pore on a
silicon substrate through a change in the ionistasce [21]. Figure 6 shows a characteristitcurve
from a 500um thick micro-funnel that etched through and a iar{solid silicon) for comparison. The
difference in the slope between both curves isrcl€he lower resistance value of the micro-funnel
with respect to the control indicates that ther@nsonic current is flowing through the taperga ihe
values of resistance in ™ calculated for the devices were 49.09 for theregfee (solid silicon) and
21.4, 15.14, 17.43, 27.44, 28.77, 21.99, 47.09%%81548.79, 35.8, 40.2, 43.08 for the remaining 12
structures. The first six values differ in at 1ea8tMQ with respect to the reference value while the last
six are within a 10 to 1 K2 difference suggesting that the likehood of an tapers larger for the first
group that the second one. For the first groupetiewariation in the resistance despite the faat the
observed dimensions of the tips are within a defirenge (representative group in figure 4). This
variation is related to the onset of the “punclotigh” of the tip during the anisotropic etching amd
be discussed in section 2.4. We believe that thessif the apertures are close to or below 400 nm,
since we were not able to use light to locate tivethe taper.

In order to evaluate whether the published mathieadanodels could be used to determine the size of
the apertures based on the experimental valuegsi$tance, we calculated the dimension of the
aperture for the first six values of resistancerafé-baseline, with respect to the reference vaisieg

the equation for the resistance of an electrolyfedfconical nanopore [27]:

R=— £~ ®
T, (1, + Ltand)

where R is the measured resistance in olnsyesistivity of the electrolyte, in this case M Tris-

HCI at pH 8.5, (0.014CE-m)* [42]); L is the length of the pore (5Q0n); 8 is the cone half angle
(54.7) and ¥, is the radii of the aperture. The value gfis obtained by solving equation 1 fgg and
obtaining the first root of the quadratic equatithsing these parameters we obtained values ranging
from 400 nm up to jum for the aperture diameter. However, we remaiptséal that these theoretical
dimensions are applicable. We have attempted tosumeacurrent through single micron-sized
through-holes on these structures, which are eadiservable by electron microscopy, and this
commonly leads to saturation of the instrument ttu¢he large ionic current flow. A more feasible
scenario would be that more than one nanometed-sigerture is present in the membrane at the tip of
the conical pore. There are several factors that la be considered when analyzing the above
discussed data. For instance, the model used leasdaseloped for structures with a circular bask an
tip; in our case the base is square and the tiplitsshaped”; therefore work is needed to devedop
more suitable geometrical model. Also, there ig/\igtle information published on the value of ioni
conductance of the buffer used for these experisnemd more than two or three references are
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available, and the data are not consistent dueat@tion in experimental conditions [40-42]. It is
worth emphasizing that, 10 mM Tris-HCI was sele@salectrolyte as opposed to the more standard 1
M KCI, since it is the most suitable for the DNAmslocation experiments that will be describedn t
following paragraph. Finally, parasitic currenteda exposed silicon surfaces might be contributing
the observed overall current. We have addressedighue by minimizing the exposed silicon area
though the design of the test chamber and by tbeotis reference sample with identical structural
characteristics (micro-funnel with no aperture).

To further corroborate the presence of an apedttbe tip of the micro-funnels, we translocated
human DNA using a constant potential of -500 mV. #&ed two devices from the first group and
one from the second group. It is worthwhile to eagibe that the purpose of these experiments was
not to obtain real-time measurements of DNA trareion but to corroborate the presence of an
aperture at the tip of the structures. Figure #sha representative image of the PCR products @n th
recovered DNA at the cathode and the anode sidasdekice with a resistance of 15.14Nafter 11
hours. Quantification of the collected producttigh UV/VIS spectrophotometry showed that only
10 % of the DNA passed through the aperture. Thensie time required for the translocation of
DNA is probably due to the time required for diifus of the genomic targets to the aperture sité, bu
the specific mechanism underlying this lengthy pescis out of the scope of the present study. No
amplification was observed from the collected prigdwsing the high resistance devices indicatieg th
lack of an aperture. Since there was no drift @ndihrrent in repetitive measurements over extensive
period of time, the possibility of leakage aroui tdevices was eliminated. The presence of an
amplifiable target at the anode side demonstratesRNA is translocating through the aperture at th
tip of the micro-funnel. These results corrobori@ the change in resistance observed with e
measurements corresponds to the presence of anrapatrthe tip of the micro-funnels.

Figure 6. Characteristic current-voltage\) curve obtained from a single micro-funnel
that etched through the wafer during the anisotrogtiching. The light gray line
corresponds to the measurement from a solid siljpece obtained from the same
wafer. The difference in the slope indicates thaiamic current is flowing though the
tip of the micro-funnel.
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Figure 7. Representative image of the PCR products fromctilected human DNA
after translocation through a micro-funnel struetusing a -500 mV potential. Lane 1,
molecular weight marker, lane 2, PCR negative cdntane 3, PCR product from the
remanent DNA collected at the cathode (-); lan€’@R product from the DNA that
translocated from the cathode and was collectéteainode (+).

100 bp +

2.4 Tapered micro-channel fabrication and characterization

In the structures described previously, deep amipat etching of silicon enabled the fabrication of
tapered structures with sidewalls at an angle of°54ith respect to the plane. We tested an altereativ
method to fabricate deep structures with taperet$ &ty combining dry and wet etching techniques,
that is, deep reactive ion etch (DRIE) to produckeep, straight channel followed by etching in KOH
to taper its end. With this approach, the deptlheftaper will correspond to the remaining silicon
thickness, and therefore the mask width has tarialer. In terms of the fabrication, this represeamt
larger barrier for the diffusion of reactants ardation products as well as release gbHbbles. The
difference in geometry with respect to the microsfels will also have an impact on stochastic
sensing. One would expect that a narrower chaniletlange the resistance as well as the electric
field distribution and therefore the movement oflgtes. The fabrication of the tapered micro-
channels was performed using either two consecstimes: one 30Am DRIE followed by a 5@um
DRIE (referred to as two-step etch) or three 100 DRIE steps followed by a 5dm deep one
(referred to as four-step etch). We had previooslgerved that a “sequential” etch approach would
render channels with “stacked” openings of différerdth (figure 8a) which could be beneficial for
diffusion of the etchant in and out the structure.
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Figure 8. (a) Cross-section Scanning Electron Microscopy genaf a structure
fabricated using two consecutive deep reactive etch steps. The bottom width
corresponds to the original mask width (350) but the entrance of the structure has
been widened. (b) High contrast scanning electrmnascopy image of a micro-channel
fabricated by four consecutive deep reactive ioch esteps (Bosch) followed by
anisotropic etching in KOH. The lines defining tliles of the inverted pyramid extend
from each corner to the bottom of the taper sugggshat the four delimiting walls are
at 54.7 with respect to the plane.
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An advantage of using the Bosch process ratheralayogenic one is that the former produces
rippled sidewalls which we believe facilitates thetting and therefore the infiltration of the etoha
The structure presented in figure 8a was originfbyicated using a 400m mask width, using two
100um deep sequential Bosch etching steps. Evidehigysécond step produced a wider entrance, but
the bottom of the structure preserved the dimessadrthe original mask, which means that the depth
of the taper will be defined by the patterned wisitte.

For the experiments, an array of 16 square elenvathsaperture widths of 150m was patterned
on a 4 inch wafer with a @m Si0G, mask. The prepared substrates were subject towvthstep or the
four-step etch as previously described, cleaneh aitQ plasma and immersed in 9 M KOH at &5
for 8 to 10 hrs. The devices prepared with the $tap etch exhibited a maximum increase at the
channel entrance of 10-20n from the original width (15@m). In comparison the devices prepared
with the four-step etch doubled the size of thgioal width. In terms of the uniformity of the steap
and the size of the tapers, the two-step approastiuped mainly “slit shaped” tapers with lengths
between 1 and 1im. We observed that some of the structures exkibitegular shapes and large
solid silicon fragments (figure 9 a-c).
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Figure 9. Scanning Electron Microscopy images of a collectaf tapered micro-
channels fabricated using (a-c) two consecutiv@sstaf deep reactive ion etching
(Bosch) followed by anisotropic etching to tapee ttip. The diffusion constraints
produced by the narrow geometry channel producesundormities and residue
accumulation at the tip. The use of four conseeusiteps (d-f) leads to a wider channel
entrance that facilitates diffusion, producing tapeith a more uniform size range and
geometry.

The four-step approach also produced slit-shapeerdabut with a narrower size range between 1
and 3um in length and ~ 200 nm width. In this case, we mibt observe major disturbances in the
shape or dimensions of the tapers (figure 9 dafither case no more than 50 % of the tapersled t
aperture as corroborated by current-voltdg®) measurements. It is worthwhile emphasizing that the
size of the taper does not necessarily corresporitet size of an aperture. It is possible that one
more apertures could be present along a singlelitiple apertures have been observed in otliter sl
like structures [22]. For these devices the restgaange was wider, probably resulting from théewi
range in the slit dimensions and the likehood ofertbhan one aperture. The range was€id 33.3
MQ for the etched devices in comparison with theregfee device of 33.53 ®. Fifty percent of the
devices exhibited a difference of at least 18 Mith respect to the reference, and DNA translocati
experiments were performed using two of these @svids before, the presence of an aperture was
corroborated by amplification of the collected prots on the anode through the polymerase chain
reaction (results not shown).

The sequential etch approach produces structurdssstacked openings of different sizes. As the
anisotropic etching proceeds and the (100) surfagessed at the interface between each stack are
etched, the sidewalls of the channels become lihbiethe (111) planes. Thus, it would be expected
that the final shape of the channel would follow #ame geometry, that is, layers but with walls at
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54.7 with respect to the plane. Surprisingly, the fetep approach produced sidewalls delimited by
the (100) planes that extended from the entran¢keothannel to the bottom. Figure 8b shows a high
contrast scanning electron microscopy image of @inthe structures. The ribs of the structure are
evidenced by the brighter lines that extend fromn tpper corners to the bottom of the structure. We
did not observe this pattern in the two-step apgrpandicating that the observed tapering is more
pronounced at the bottom of the structure andhbé sf the micro-channel remains straight.

The wider size range, the irregular shapes, angitbgence of silicon fragments in the structures
fabricated with the two-step approach are in pamrt ¢tb diffusion constraints. That is, reactants,
reaction products and,Hbubbles will have a more difficult time moving dugh the channel. The
widening of the channel entrance in the four-sigpr@ach seems to reduce the diffusion constramts a
evident from the narrower size range and the lddkegular structures. Despite this, we also obser
the presence of residues but mainly in the forrargétals. We believe that, in either case, thegires
of oxygen impurities and crystal imperfections egsponsible for the “slit shaped” tapers as well as
their size range.

The diffusion constraints discussed for the twg@sttch structures affect their fabrication and use
for stochastic sensing of analytes present at i@myabundance. It would be expected that these
constraints will increase the time required for #ralytes to reach the tip of the structure. F@& th
particular application, the structures fabricatathwihe four-step etch approach would be bettetedui
since diffusion might be facilitated by the widegiof the channel entrance. The difference in
geometry with respect to the micro-funnels provadeestbed for the investigation of the geometrical
effects on diffusion and electric field distributio

2.5 Opening of the tapered micro-funnels and micro-channels and potential applicationsin sensing

The possible use of the taper structures as defocestochastic sensing requires the taper to have
an open end. As discussed before, no more than &0dte structures punched through during the
tapering step. The wide range of resistance vgllespite the defined range of cross sectional atas
the tip) suggests that the aperture is not commkiag the slit. The irreproducibility on the etch
through during the first etching step could be ttuehanges in the etching behavior at the tip ef th
structure as a result of oxygen impurities. Hollkd ao-workers [43] reported non-uniform etching and
reduced etching rate as a result of oxygen immgritiuring deep anisotropic etching of narrow
channels in concentrated KOH solutions. This caxglain the lack of consistency in the aperture of
the tapered structures. The other issue that hbe tmnsidered for practical applications is thapgh
of the tapered end (tip) since certain applicatimight require a symmetric shape rather than a slit

We are currently working on methods to addressetli@rication issues. An important parameter
that is also being considered is to account forvidrgations on the wafer thicknesses that resatnfr
the manufacturer tolerance. In terms of the tapaps, we have observed that the structures preserve
the square shaped bottom to a certain depth anitheastching proceeds, they become slits. We are
investigating approaches to fabricate the apemtiide point where the bottom width is still square
shaped.
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2.6 Dry vs. wet etching of the hard mask and implications in the uniformity

One of the issues that significantly affected thefarmity and reproducibility of the etched
structures was the process used to open the sitikme hard mask. In a first set of experiments, we
used reactive ion etch (RIE) to open the silicomexnask, and we observed that the etching was not
uniform along the wafer. Inspection through opticaicrocopy and profilometry measurements
confirmed this issue. Despite the fact that theewafas placed in the center of the etching chamber,
the etch rate always appeared to reduce towardedge of the wafer. Longer processing times to
ensure the complete removal of the oxide layer dewentually etch through the resist layer in some
areas therefore compromising the oxide hard mas&.uke of a thicker resist layer would allow for a
longer etching time to ensure a complete openinth@fmask but with the risk of resist degradation
[44]. For the case of the tapered micro-channelshihve to undergo a DRIE process, extended etching
is definitely a detrimental factor and would reguat second lithographic step. Compromising the
silicon oxide mask leads to non-uniform etchingnglahe elements patterned on the wafer and
thinning of the silicon frame of the structureseafKOH etching, making the structures fragile and
difficult to handle. Since the etch rate of silicoxide in KOH is much lower than that of silicohgt
etching will proceed non-uniformly within the sarmpening, leading to sidewall flaking and non-
reproducible tapers.

In comparison, a chemical etch using a bufferedsHliation (BOE) produced uniform dissolution
of the oxide mask along the whole wafer. Profilom@&teasurements and optical microscopy on each
element patterned on the wafer revealed that thistriayer was not affected during the process and
that the 2um of oxide were completely dissolved. Figure 10veha set of scanning electron
microscopy images of structures after KOH etchindar the optimized conditions (9 M KOH at 65
°C) using a reactive ion etch (RIE) and buffereddex@tch (BOE) for the mask opening.

2.7 Oxide mask stripping and residue formation

One of theissues that have to be taken into account whencthrg the deep tapered structures,
especially those with narrow entrances, is the ipiisg of residue accumulation. This is of critica
relevance when the presence of an aperture hasetaobroborated through current-voltage
measurements as well as for subsequent use fdrastioc sensing. We observed the accumulation of
large amounts of residue at the bottom of the siras after removal of the Si®ard mask. Despite
the fact that the structures were extensively dnsegh MilliQ water after anisotropic etching, arye
distinctive type of residue was found at the tighef tapers.



Sensors 2008, 8 3865

Figure 10. Scanning Electron Microscopy images of a set nfcsiires in which the
mask opening was performed using reactive ion @et) and buffered oxide etch (d-f)
after wet anisotropic etching with KOH. The nonfonin etch of the silicon oxide mask
using reactive ion etch reduces the sidewall smasth and the reproducibility of the
tapered structures. The etching was performeds@am depth.

Hard mask opening using Reactive Ton Etch

Figures 11a and 11b show a collection of scanniecfren microscopy images of structures subject
to this treatment. The residue observed at theotwowf the structures is not likely to be due to
environmental particles since all these processre werformed in a laminar hood inside a class 100
cleanroom. The presence of these residues is isetradble immediately after KOH etching but rather
after the oxide mask stripping, suggesting thadepesition of the etched material is taking place o
that residues from the anisotropic etchant aretiregpavith the hydrofluoric acid. The crystals
observable in figure 11b originate from the KOHusimn or from the presence of impurities in the
KOH pellets (i.e. Pb). This issue is of significartevance in stochastic sensing when assessing the
presence of apertures in the tapered structuree shre crystals may block the current flow and
produce inconsistent results. Furthermore, theepies of even small particles at the tip produce a
blockade in the current as they occlude the aperatrthe tapered end. We found that the most
effective way to clean the structures after rema¥ahe hard mask was to immerse them in a 25% HF
ethanolic solution with lateral stirring for 20 rotes, rinse them thoroughly with ethanol and store
them in 50% ethanol in an air tight container usthnning. Figures 11c and 11d show scanning
electron microscopy images of the same structdtes@eaning.
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Figure 11. Scanning Electron Microscopy images of devicesr aftepping the silicon
oxide mask and abundant rinsing with MilliQ waterhk). Residue is present and
accumulates at the bottom of the taper and on taegu. The same devices after
cleaning with 25% HF in ethanol and storage in =@kanol (c-d).

3. Experimental Section

3.1 Mask design

Two different masks were used to fabricate micmoatels. The first one comprised rows of four
square apertures of different sizes from 700 to4fiQand it was used to investigate the effect of the
mask opening size on the final dimensions and sbapiee tapered end. The second one consisted of
12 square apertures of 6@@n and four 70Qum apertures, and it was used to fabricate an arfray
micro-funnels and to evaluate their uniformity aegroducibility at the wafer scale. As will become
clear in the following sections, the 70 row is used as an indicator of the etching umity. The
expected etch depths for each mask aperture wiendatad according to:

W, =W, —+/2* z )
where:
Wm, mask width jim)
Wo, bottom plane widthym)
z, etch depthi{m)

Considering a bottom plane width of ~uin, the depth of the structures would vary betwe@h 4
pm for the 700um mask to 282um for the 400um mask. However, as it will become clear in the
discussion section, the accuracy of these numedalgulations is confounded given the multiple
variables involved in the etching process. Thealality is also increased by variation in the timeks
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of the wafer (+/- 2%um) and the large etching area. The calculationgwsed only as a guide to select
a range of mask openings that would provide increadestch depths. For the tapered micro-channels,
we selected a mask width of 1ffh. Assuming that the channel shaft produced by deagtive ion
etch (DRIE) would be 300-350m and that the etch depth) (s ~0.707 times the mask width, the
overall taper would be ~ 116m deep, which would bring the taper tip close te bottom of the
wafer.

3.2 Fabrication
The two fabrication approaches are schematicablyvshin figure 12.
Figure 12. Process flow. The substrate used is a <100> p-$yjpmn wafer with a

silicon oxide layer of 1 or im. Patterning is performed using standard lithogi@p
steps.

B Silicon <100
1 Silicon oxide
M Photoresist

All structures were fabricated on single-side gwid, 100 mm diameter, p-type boron-doped (10-
100 ohm-cm) <100> silicon wafers, 500 +/- @&, with either 1 or 2um thermally grown silicon
oxide (SiQ) (Surface Process Group, Richmond VA). Photolithphy was performed on the
polished side of the wafer using AZP4330 resistafi@ht, Co. Ltd) or Shipley 1818 (Shipley,
Marlborough, MA) according to the manufacturer maooendations. The silicon oxide mask was
opened using reactive ion etcher (Axic Benchmai®) & 30 mT, 175 W, 30 sccm with a mixture of
CF4 (96%) and nitrogen (4 %) for 30-45 minutes or cloatty using buffered oxide etch solution
(10:1) (BOE) at room temperature for 40 minutegpSteight analysis was performed before and after
the mask opening through contact profilometry (Afbtep 1Q, KLA Tencor Co.) Deep reactive ion
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etch (Oxford Plasma Lab, Oxford Instruments) wasduto etch 30Qum deep channels using a
standard Bosch process in two or four consecutassor a final depth of ~35@m. The wafers were
cleaned under an oxygen plasma at 30 mT, 175 Véc&@ for 15 minutes. Anisotropic etching was
performed in 9 M KOH with or without isopropyl alwol (IPA) added to saturation in a temperature
range between 22 and 80. The silicon oxide mask was stripped using a M@aqueous solution.
The wafers were cleaned with a 1:1 (v/v) solutidrhydrochloric acid and methanol, rinsed with
MilliQ water and then immersed in a 50% ethanolobefimaging. Optical microscopy and scanning
electron microscopy were used to characterizetthetsres.

3.3 Current-voltage measurements and DNA transl ocation experiments

Prior to current-voltagel{V) measurements, the etched wafers were cleavetbtdp individual
devices with one structure per device, treated Ritanha etch ()6Q;: H,0,3:1 v/v) at 70°C for 30
min to ensure a hydrophilic surface, and storedtiranol until use. For characterization, the device
were mechanically fixed between two Teflon champemch with a 7 mMmwindow, using a
thermosensitive polymer on each side to ensureepiseal. The micro-funnels were positioned at the
center of the open window of the chamber to enaucemplete exposure to the electrolyte, and the
chambers were filled with 200l of TE buffer (10 mM Tris, 1ImM EDTA, pH 8.0) conténg 1%
Tween 20. Only the area corresponding to the 7 mimdow was exposed to the electrolyte; the
surrounding silicon along with the cleaved edges isalated from the electrolyte by the polymer film
A voltage was applied across the devices usingifet @ectrodes, and an Axopatch 200B Integrating
Patch clamp amplifier (Axon Instruments Inc.) waedi to control the voltage and record the output
current. The current was allowed to stabilize forleast 20 minutes prior to performing the/
measurements. For the DNA translocation experimentsltage of -500 mV was applied across the
device, and 10-2@ig of human DNA were added to the cathode side.dgassf DNA through the
aperture was allowed to proceed for 11 hours tarena maximum collection on the anode side. To
avoid settling of the DNA on the cathode side, #iectrolyte was re-suspended periodically by
pipeting. The volume on the anode side was colieet®d concentrated using ethanol precipitation,
quantified through UV/VIS sprectrophotometry, anthlgzed by direct visualization on an ethidium
bromide-stained 1.2% agarose gel or by performi@& Rsing the GADPH gene as a target sequence.
The PCR products were then electrophoresed on%a étRidum bromide-stained agarose gel against a
positive control to corroborate the specific amgdifion of the target sequence.

4. Conclusions

The use of solid nanopores for stochastic sengiplications has several advantages in comparison
with biological pores (e.ga-hemolysin) such as stability, ease of chemicalktionalization and
reusability. For this reason there has been are@song interest to develop methods for fabricating
single nanopores on solid supports. Solid nanopbeeg& been successfully realized in different
substrates such as polymers, silicon nitride alcbsi oxide membranes and metals using techniques
such as ion beam sculpturing and ion track etchiogyever they require specialized equipment and
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their fabrication can be very challenging [18, &]-at would therefore be desirable to produce ¢hes
devices in a simple and reproducible manner atgetascale. In an effort to address this challenge,
this work, we presented a process to fabricateysrod tapered micro-funnels and micro-channels
using deep anisotropic etching of silicon at a waftmle. The resulting structures are charactetized
wide entrance delimited by four planes that intetrse a slit-shaped taper with sub-micron cross
sectional area. The influence of the electrolytengosition, temperature, stirring and mask quality
were discussed in terms of the shape and the tibe taper. We envision the use of these deviges f
stochastic sensing of small molecules (e.g. preieuiruses, explosives), and for this purpose the
presence of a through-hole at the slit-shaped ealpisr of critical relevance. To demonstrate that th
proposed fabrication approach renders devicesavitirough-hole we performed current-voltab&)
measurements and corroborated these quantitasuiigdy translocating DNA though the apertures.
The movement of DNA from the cathode to the anantess the aperture in the presence of an electric
field was confirmed by performing PCR on the cdllecDNA at the anode. Our results demonstrate
that a reduction in resistance with respect tdereace device (no aperture) indicates the preseinae
through-hole. In average a through-hole was pradlune50% of the devices fabricated on a single
wafer.

Currently we are testing other protocols to inceetiee number of devices with through-holes and
elucidating the critical parameters that deternihne production of an aperture. We have speculated
that more than one through-hole could be preseth@same slit, and we are currently pursuing other
techniques to characterize the structures (TrassmmsElectron Microscopy). The functionality of the
devices will then be address through stochastisisgrof viral particles.
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