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Abstract

Wereportthefilling kineticsof differentliquidsin nanofbricatectapillarieswith rectangulacross-sectioby capillaryforce. Threesetsof
channelswvith differentgeometrywereemployed for the experiments The smallestdimensionof the channekross-sectionvasrespectiely
27,50,and73 nm. Ethanol,isopropanolwaterandbinary mixturesof ethanolandwaterspontaneouslifilled nanochannelg/ith innerwalls
exposingsilanol groups.For all the liquids the position of the moving liquid meniscuswasobsened to be proportionalto the squareroot
of time, which is in accordancavith the classicalWashhurn kinetics. The velocity of the meniscusdecreasedboth with the dimensionof
the channelandthe ratio betweenthe surfacetensionandthe viscosity In the caseof water air-bubbleswere spontaneouslyrappedas
channelsverefilled. For a binary mixture of 40% ethanolandwater no trappingof air wasobsened arymore. Thefilling ratewashigher
thanexpectedwhich alsocorrespondso the dynamiccontactanglefor the mixture beinglower thanthatof pureethanol Nanochanneland
porousmaterialssharemary physicochemicapropertiese.g.,the comparableoressizeandextremelyhigh surfaceto volumeratio. These
similaritiessuggesthatour nanochannelsouldbe usedasanidealizednodelto study masstransporimechanismén systemsvheresurface

phenomenaominate.
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1. Introduction

For bionanotechnologystudying single molecules,and
physicochemicalphenomeneaof liquids in the nanometer
scalenanofluidicdevicesprovide a novel tool [1-6]. Down-
sizing of fluidic systemsis attractve for fundamentaktud-
ies as well as biosensing[7-9]. For example, nanometer
sized entropic traps were usedto separatdong, genomic
DNA [2,3]. Nanochannelssombinedwith nearfield mi-
croscopy could be usedto locategenes[10]. Furthermore,
by usingnanofluidicsystemsextremelysmall measurement
volumeswhich provide enhancedletectiorof enzymatiae-
actions couldbeobtained5]. Novel andinterestingphysic-
ochemicalandthermodynamigphenomenassociatedvith
liquids confinedin nanofluidic systemssuch as double-
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layer overlap [11], negative pressurenducedby capillary
force [6], andion enrichment—depletioeffects[12], have
beenreported.

A less studied physicochemicaleffect, which is inher
ent for all nanofluidic devices, is the spontaneousilling
by capillary force. The kineticsof filling by capillary force
was first reportedby Washlurn in 1921 [13]. The posi-
tion of the moving liquid menisciduring filling wasfound
to be proportionalto the squareroot of the filling time.
Many reportedhanofluidicsystemdfabricatedoy micro-and
nanolithograph have rectangularcross-sectiorand chan-
nel walls are often composedof silicon nitride and sili-
condioxide [6,14,15] Thefilling kineticsof channelswith
non-g/lindrical cross-sectiorwas also studied[16—19] To
our knowledge,the smallestcapillary usedfor kinetic stud-
ies weas pulled quartz capillarieswith inner diameterof
80 nm [20]. In this article we reporthow differentliquids
fill silicon nitride/dioxidenanochannelsyhichinnersurface
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chemistrymainly consistsof hydrophilic silanol groups,by
capillary force. The filling kinetics of wetting liquids fol-
lowedthe classicaWashhurn kinetics. Filling studiesusing
waterand binary mixturesof ethanolandwatershow phe-
nomenasimilar to thatobsered in porousmaterialsuchas
trappingof the non-wettingphase.

2. Theory

A simple modelfor thefilling kineticsby capillaryforce
in capillarieswith rectangulaicross-sectioris usedfor this
study For a capillary with circular cross-sectiorand in-
ner radius of r, the capillary pressureis given as p =
2y costy/r, wherey anddy arethe surfacetensionof the
liquid andthe dynamiccontactangle,respectrely. Accord-
ing to White [21], this equationcan be usedto calculate
the capillary pressuren capillarieswith rectangularcross-
sectionif r is substitutedwith the hydraulic radius,ry =
A/s =r/2, where A is the cross-sectiorareaand s is the
wetted perimeter For a rectangularchannelry = A/s =
wd/2(w + d), where w is the width and d is the depth
(Figs.1 and2). For our nanochannels] is smallcompared
to w, andwe approximatedy ~ d/2. Hence,the capillary
pressurein a rectangularchannelis p = 2y cosdy/d. We
neglect the effectsof the static pressurg <1 mbar), which

is justified sincethe capillary pressurén our nanochannels

was calculatedto be above 3 bar The dynamicfilling of a

capillary with circular cross-sectiorby capillary pressure,
assuminghe non-slip condition,is given by the Washlurn

equation13]. The meniscusrelocity, v, alsoreferredasthe

filling rateis givenby
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Fig. 1. Pseudo3-D and cross-sectiorrepresentatiorof the fabrication
procesof apair of nanochanneldetailsaregivenin Section3. Notethat
the dimensionsof theillustrationare neitherscalenor proportions.

where! is the distancebetweenthe capillary meniscusand

the capillary inlet, and » is the viscosity of the liquid. To

obtainthe meniscusrelocity for a capillarywith rectangular
cross-sectionywe substitutedthe radiuswith the hydraulic

radius,r = 2ry ~d,
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Themeniscusvelocity is higherfor larger surfacetensionto
viscosity ratios and channeldepth.Integrating the velocity
with respecto time we get
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The position of the meniscusrelateswith time as! ~ /2
which s universalfor conduitswith arbitraryshape,includ-
ing capillarieswith rectangularcross-sectiorjl7]. The pa-
rameterD, which is independenbf time andthe meniscus
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Fig. 2. Scanningelectron microscoly (SEM) imagesof cross-sections
throughnanochannelabricatedby partialetchingof asacrificiallayer The
figureinsetin (a) correspondso azoomin Fig. 1e, whered is the channel
depthand w is thewidth. Channeldepthandwidth weremeasuredy SEM.
Theblackandthin “bars” about 500 nm long (a) and 900 nm long (b) are
theinnercavities of thecapillary, andthegray areaon the pictureis thewall
material. Thechannelsn (a) and (b) are respectiely 27 and 50 nm deep.



position, can be determinedby plotting / versus 1%/? val-
ues.The! ~ /2 scalinglaw originatesfrom the capillary
pressuravhich pulls theliquid into the channelandwhich
remainsconstantwhile theflow resistancincreaseinearly

irrespectvely of the geometryof the channelcross-section.

Otherparameterssuchasthedegreeof roundnessf thecor-
nersof rectangulachannelg17,19] thelayeredstructureof
the channelwalls [22,23], andthe time dependeng of the
dynamiccontactangle[24] thatinfluencethefilling rateare
notincludedin Eq.(2). How thesdssuesnfluencethefilling

kineticsaregoingto be presentedn the discussions.

3. Materialsand methods
3.1. Microfabricationprocesf nanotannels

The nanochannelabricationprocesss basedon partial
etchingof a sacrificial layer [25]. The fabricationprocess
only requiresestablishedmicromachiningtechniquesand
doesnotrequireary nanolithograph. Thestartingsubstrates
were 525-um-thick, 100-mm-diameter{100 silicon (Si)
waferspolishedon oneside.The Si waferwascleanedn a
mixtureof H,SOy andperoxide((NH4)2S,0g) at 120°C for
10 min, followed by buffered HF (BHF; NH4F:HF = 7:1)
for 1 min, andfinally in 70% HNO3 at 115°C for 10 min.
The waferswererinsedin doubly deionized(DI) waterbe-
tweenthe acid treatmentsA layer of 2-um-thick thermal
silicon dioxide was grown. A sandwichof silicon nitride
(300 nm) depositedby low-pressurechemicalvapor depo-
sition (SixN,) and silicon dioxide depositedby chemical
vapordeposition(SiOy) wasdepositedFig. 1a). The depth
of the nanochannelglepend=n the thicknessof the SiO,
layer. Procesparametersor Si;N, depositiontemperature:
800°C, gasesSiH>Cl, and NH3, pressure200 mTorr; for
SiO, deposition:temperature400°C, gases:2% SiH, in
N>, andO,, pressureatmosphericThefabricationrequired
two photolithograpl processeshewafersweredelydrated
at 200°C for 30 min and subjectedto a silanization treat-
ment with hexametlyldisilazane.A layer of 1.8-um-thick
positive photoresistvas spin-coatednto the Si wafer and
prebaled for 1 min at 100°C on a hot plate. A chromium
maskwith the channeffeaturesvasalignedto the Si wafer
During the first photolithograply, the mask patternswere
transferredo the resistby exposurewith UV, followed by
developmentAfter developmeni1 min) thephotoresistvas
postbaledfor 30 min at 125°C in anoven. The photoresist
sened asa maskduring the following reactize ion etching
(RIE) processwherethe patternswere transferrednto the
wafer Etching was stoppedon the secondlayer of SicN,
(Fig. 1b). The sacrificial SiO, layer was partially under
etchedby BHF followedby rinsingusingDI water(Fig. 1c).
Thewidth of thenanochannelwasdeterminedy thetimed
etch(about200nm/min) of thesacrificiallayer Theremain-
ing photoresistvasremoved by oxygenplasmaBeforethe
encapsulatiorof the nanochannelghe silicon nitride was

treatedwith oxygen plasma(Tepla 132 from PVA Tepla,
FeldkirchenGermairy. ParameterskRF powver 1000W, pres-
sure0.73 mbar 100°C, 60 min) to createa surface com-
posedmainly of silicondioxide[26,27] Theinnersurfaceof
our nanochannelsonsistedof a few monolayersof silicon

dioxide exposingsilanol groups(Fig. 1d). To sealthe chan-
nels,afreshlayerof SiO, (400nm)wasdepositedFig. 1€).
A secondphotolithograply and RIE processwere usedto
patternthe accessopeningsto the nanochannelsA second
oxygenplasmaprocessvasusedto remove photoresisand
createa thin layer of silicon dioxide on the wafer surface.
Polydimetlylsiloxane (PDMS) O-rings were prepared28]

andsealedreversiblyto the accesopeninggo sene aslig-

uid reserwirs (Fig. 1f). Fig. 2 shows a cross-sectiomf the
fabricatechanochannels.

3.2. Experimentaprocedue of thefilling kineticstudies

Isopropanol (VLS| grade from Rockwood, Avenches,
Switzerland), ethanol (analytical grade from VWR, Le
Lignon, Switzerland) mixturesof ethanolanddeionizedva-
ter of cleanroomquality (resistivity >10MQ/cm)andTris
(Fluka,Buchs,Switzerland)ouffersspontaneouslyilled ar
ray of channelsby capillary force. We obsered the hori-
zontallypositionedhanochannedrraysusinga stereomicro-
scopg(MZ8 from Leica)with ring-illumination.We pipetted
a few micromilliliters of a liquid into the PDMS reserwir
locatedon one of the two accessopeningsof a nanochan-
nel array As the arrayof nanochannel§lled, we wereable
to seea changein color and contrastbecausef the differ-
encebetweertherefractve index of air in the vacantchan-
nelsandthe refractive index of theliquid (Fig. 3). Pictures
and real-time movies were taken througha digital camera
(CoolPix 5400 from Nikon, 5.1 million pixels, resolution:
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Fig. 3. Optical microscopeimage shaving the filling of channelarrays.
Eacharray consistsof 40 pairs (Fig. 1), a total of 80 parallel nanochan-
nels. Each channelis 900 nm wide, 50 nm deepand 15 mm long. The
position of the meniscus/, could be readfrom the integratedscale(8.5
indicate/ = 8.5 mm, eachminordivisionis 100um).(a) A channebrrayis
filled with isopropanol Thethick white arrow indicatesthe meniscugposi-
tion. Thedarker areabelow thewhite arrow is filled and the brighterareais
empty A few channelsverenotfilled, e.g.,middle and left. (b) Water was
introducedinto the channelarray and bubbleswere trappedduring filling
(thin black arrons).



2592 x 1944pixels 24 bit color) mountedon the stereomi-
croscopeComputersoftwarePinnacleStudio,Ver. 8.12.7.0,
from PinnacleSystemsand Corel Draw 11 from Corel was
respectrely usedfor videoandimageanalysis For thecase
of the 27-nm-deemanochannelg was necessaryo digi-

tally enhancehe contrastto determinethe position of the
meniscus By reviewing the real-time movies the position
of the meniscuscould be readfrom an integratedscale be-
sidethenanochannedrray andtheassociatedime couldbe
readfrom the computersoftware.For ethanol 40%ethanol,
andisopropanokhe position of the commonmeniscuswvas
clearly defined(Fig. 3a). It was more difficult to evaluate
the commonmeniscudor watersincetherewasnot a uni-

formfilling of the channelarrays(Fig. 3b). Time wassetto

0 sasthedropletof liquid enteredhe PDMSreserwir. The
(11/2, 1) valueswerereadandplotted.

3.3. Scanningelection andfluorescencenicroscopies

For fluorescencemicroscoy the channelswere filled
with 10 mM rhodamineB (Sigma,Buchs,Switzerland)dis-
solved in ethanol,or 10 mM fluorescein(Fluka, Buchs,
Switzerland)in 10 mM Tris buffer, pH 7.2. The fluores-
cencesignalin the nanochannela/asimagedwith a cooled
CCD camera(CF 8/4 DXC from Kappa, Gleichen, Ger
mary) mountedonaninvertedfluorescencenicroscopevith
integratedfilter sets(Axiovert S100from Zeiss).

The depthandwidth of nanochannelaeremeasuredy
scanningelectronmicroscopy (SEM). Theinstrumentwasa
XL30 ESEM-FEGfrom Philips. Samplefor SEM imaging
werepreparedy cleaving a partof a processedvafer, such
thatthe cut ran acrossthe nanochannelsxposinga cross-
sectionof the nanochannelg§Fig. 2). To decreasehaging
effectsa thin layer of AuPd (5 nm) was sputteredonto the
samplebeforeSEM.

4, Results

The kinetics of filling is determinedby the liquid, the
surfacepropertiesandthe geometryof the channelWe per
formedtwo setsof experimentdy changingeithertheliquid
or thechannelgeometrywhile we keptthe otherparameters
constant.

For the first setof experimentswe investigatedthe fill-
ing in channelarraysusingwater ethanolisopropanoland
atwo-componengethanolandwatermixtures.A channekbr-
rayhas80parallelchannelsandit is atleastl5mmlong.The
individual channelsn anarrayare50 nm deepand900nm
wide. The experimentswere doneunderambientcondition
(21-25°C) withoutusingtemperatureontrol. During water
filling experiments bubblesspontaneouslhappearednside
the channels(Figs. 3 and 4). Apart from water the varia-
tion of the meniscusposition within a channelarray was
about1% of thefilled length. Eachfilling experimentwas

Fig. 4. Arraysof channelsverefilled using10 mM rhodamineB dissoled
in ethanol(a) and 10 mM fluoresceinin 10 mM Tris buffer, pH 7.2 (b). Pic-
tureinsetin (b) shovs amagnificationof abubbletrappednsideachannel.
The distancebetweentwo adjacentchannels(thin bright lines) is 10 pm.
Thescalebaris 40 um. Thepicturesweretaken with acooledCCD camera
using 640 ms of integration time, maximum gain and samecontrastset-
tings. The fluoresceirfilter sethasa higherfluorescencéackgroundand
it is moresensitve to scatteredight thanthe rhodamineset.Sincethe sur
faceof the substratas not flat becauseof the fabricationprocess(Fig. 1)
the elevated surfacesarebrighterthanthe lower surfaces.

Filling kinetics of water, ethanol, 40% ethanol and isopropanol

10

I (mm)

Fig. 5. Filling kineticsof water ethanol,40%ethanol.and isopropanolFor
eachliquid threechannebrrayswerefilled. As eachchannebrraywasfilled
the meniscuspositionand associatedime valueswererecordedThethree
circularlegends(O, @, @) are filling experimentsusing ethanol,andeach
legendrepresentslatafrom onefilling experiment.The triangular(4, »,
V), thesquardegends(M, (J, ) andthelegends(+, ®, ®) correspondo
filling experimentaising40%ethanoljsopropanoland water, respectiely.

performedin afreshchannelarrayto avoid any contamina-
tion. The meniscugposition/ andthe associatedime were
readasthechanneldilled (Fig. 3a). The squareroot of time

andthe associateaneniscugositiondatawereplotted,and

datapointswerefitted usingalinearfunction.

For all the liquids we tested,the position of the menis-
cuswas obsered to be proportionalto the squareroot of
thetime neededo fill thechannehrray(Fig. 5), whichisin
accordancewith the classicalWashlurn kinetics. The fill-
ing rate, which is proportionalto the squareof the slope
of thelinear fit D, is higherfor ethanolthanisopropanol.
Thisobsenationis in agreementvith Eg. (2), sincetheratio
betweensurfacetensionandviscosityis higherfor ethanol
(Tablel). D wasobtainedor eacHfilling experimentandthe



Table 1

Summaryof filling experimentsn Figs.5 and6 andtatulatedsurfacetensionand viscosityvauesat 20°C [29]

Channel depth (nm) Channel width (nm)  Liquid Surface tension{dy)  Viscosity (cP) D (mm?/s) SD? 6q  Time to fill 10 mnP
50 900 Water 729 100 0.677 Q02 68 2min28s

50 900 EtOH 228 120 0.300 Q002 50 5min33s

50 900 Isopropanol 238 226 0.156 Q01 53 10min40s

50 900 40% EtOH 320 276 0.229 Q01 38 7minl7s

27 500 EtOH 228 120 0.177 Q004 46 9min25s

73 600 EtOH 228 120 0.402 Q02 55 4min9s

D is the square of the slope obtained from linear fits of data plott&igis. 5 and 6
2 Standard deviation ab is based on three measurements performed on the same day.
b The time to fill channels 10 mm is the extrapolated using the filedlues.

Filling kinetics of ethanol in channels 73 nm, 50 nm, 27 nm deep particular liquid and channel depth the time to fill 20-mm-
- - - long channels tooks from 2 to 10 min.
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6 ‘E - 5.1. F|II|_ng kinetics of isopropanol, ethanol, and 40%
3 yo o ethanol in water
S yO| @
=, SO o
NGO ® We quantitatively studied ethanol, isopropanol, and a
e ® 1 two-component mixture (40% ethanol (v/v) in water) in 50-
2 Pivat nm-deep and 900-nm-wide channels. The results we ob-
e T tained were in accordance with the classical Washburn re-
0 —T lation, thel ~ t1/2 scaling law. This result also implied
T T that the dynamic contact angles remained independent from

I time for our experiments. For many times our results were
t(s™) in agreement with studies in nanometer-sized quartz cap-
_ o _ o illaries [20]. Sobolev et al. showed that the dynamic con-
Fig. 6. Filling kinetics of ethanol in channels with different depth. For each tact anale in nanometer-sized rz illari remained
channel depth three channel arrays were filled. As each channel array was_aC angie a 0_ eler-size _qua cap_ a €s remaine
filled the meniscus position and associated time values were recorded. The'ndepender}t frlom t|me_f0r meniscus velocities larger th?-n
three triangular legends (4, V) are filling experiments using 73-nm-deep 5 My/'s, which is three times smaller than the lowest menis-
channels, and each legend represents data from one filling experiment. Thecys velocity (15.6 pns for ethanol in 27-nm-deep channels,
rectangular M, O, <) and the circular legends ®, ©) correspond to 7 — 10 mm) in our studies. Since our time scale is far above
filling experiments using 50- and 27-nm-deep channels, respectively. ] " .
the seconds, dynamic contact angle changes during the ini-
tial filling, studied using large-scale molecular dynamic sim-
dynamic contact anglég, was calculated using E(3) and ulation of pore imbibitior{24], could not be observed in our
tabulated values (Table 1). The tabulated values are valid forexperiments.
20°C [29]. Each measured given inTable 1 is an average We calculated the dynamic contact angle by inserting the
of three filling experiments performed on the same day. The fitted D values, and the tabulated values for surface ten-
standard variation oD for each liquid is less than 4%. For  sion and viscosity, into Eq3). The values we obtained for

water,fq is 68. For ethanol and isopropand@y is respec-  the dynamic contact angles were all significantly larger than
tively 51° and 54, and for a 40% (v/v) mixture of ethanol  the equilibrium contact angles measured using a drop shape
and waterfy is 38°. analysis system from Kriiss (Germany). We could only form

In the second set of experiments, we selected ethanol asstanding droplets using water on silicon nitride and silicon
the test liquid, and studied channels of 27, 50, and 73 nm oxide surfaces. The equilibrium contact angle was about
deep. The experimental conditions were the same as in thel(® for water and close to zero for the other liquids. Ex-
first set of experiments. Washburn kinetics was observed for periments performed by Sobolev et [t0] showed also a
all channel depths. In agreement with Et) the filling rate huge difference between the equilibrium and dynamic con-
decreased with channel depth. Data sets arfid /2 were tact angle. It was observed in capillaries with radii of about
plotted in Fig. 6, and the obtainefl values are listed in 50 nm, that the dynamic contact angle of water increased
Table 1. The dynamic contact angle is°46r 27-nm-deep  from 30 to 70° as the meniscus velocity increased from 0
channels and 54for 73-nm-deep channels. to 8 unys which is slightly smaller than our smallest menis-

The time needed to fill the channels using different liquids cus velocity (15.6 s for ethanol in 27-nm-deep channels,
and channel depth is also given in Tabl&kpending onthe [ =10 mm). In our experimentsg was 68 for water, which



agreeswell with the experimentaldataobtainedin quartz
capillaries[20]. For ethanol,64 was smaller than the dy-
namiccontactanglefor waterwhichwasin accordancevith
measurementsadein glasscapillarieswith an inner ra-
dius of 0.295mm [30]. The 64 for the 40% ethanolwater
mixture was 38, which was significantly smallerthan 6y
for both waterandethanol.We would expectthe 64 for the
mixture to be betweenthat of ethanolandwater Thereare
two possibleexplanationsgithery is really largerthanex-
pectedor theotherparameterin the D of Eq.(2) changed.
The dynamic contactangle betweena fluid and a surface
is dependenbn the van der Waalsforces.Hence,both the
silicon dioxide, which is in a direct contactwith the lig-
uid, andthe underlyingsilicon nitride influencefy [22,23]
However, it would be very surprisingif the layeredsilicon
oxide/nitridesurfacehad a profoundeffect for the mixture
comparedvith pureliquids. We look at Eq. (2) for otherex-
planationsFirstly, asmentionedoy Dong andChatzis[17],
thefilling rateis dependenbn the roundnes®f the corners
of capillarieswith rectangularcross-sectionkor the filling
of water ethanol,isopropanol,and 40% ethanolthe same
setof channelg50 nm deep)wasused,andthereforethein-
fluencedue to the roundnesof the cornerswas the same
for all theliquids. Hence the geometryof the cross-section
could not explain the relatively higherfilling rate. The re-
maining parametersvhich influence D are the depth,the
viscosity and the surfacetension.The depthof our chan-
nels, like the roundnes®f the corners,which only depend
onthegeometrywould notexplainthedeviation. Finally, an
increaseof theratio betweerthe surfacetensionandthevis-
cosity, y/n, would alsoincreasethefilling rate.According
to takulatedviscosityandsurfacetensionvaluesfor ethanol—
water mixtures[29], 30% ethanolin water mixture hasa
larger y /n value thanthe 40% ethanolwe usedto fill our
nanochannel§ hismighthintthattheethanolkontentinside
the nanochannelis lower thanin theinitial mixture,which
impliesachemicakelectvity of thenanochannabwardwa-
ter. Porousmembranesthat are usedto separatemixtures
of ethanolandwaterby penaporationgxhibit similar prop-
ertiesasour nanochannelf31]. Suchmembranesremore
permeableor water than ethanol,and of more waterthan
ethanolenteringthe membraneAlso our channelsaindthese
membrane$oth have hydrophilic inner surface and simi-
lar poresize. The geometryof our nanochannels uniform
while poresin membranesre lesswell-defined.Arrays of
nanochannelsould hencesene asanidealizedmodelsys-
temto achieve a betterunderstandingf complicatedrans-
portandseparatioimechanism@é membrananaterials.

5.2. Filling long nanohannelswith waterandtrappingair

We alsofilled nanochannelgsingdifferentaqueousolu-
tions. In contrastto ethanolandisopropanolthefilling was
very inhomogeneouand bubblesappearedspontaneously
With time the size of the bubblesdiminished.Inhomoge-
neousfilling andbubbleswerealsoobsered usingfluores-

cencemicroscopy (Fig. 3b). The position of the common
meniscusevolved with time correspondgo the Washhurn
kinetics,however, we do not know how individual channels
arefilled. Channelsverealsofilled usingothermixturesof
ethanolandDI water (9%, 18%, ethanol)for which we till
obsenedbubbleformation.We wereableto fill thechannels
uniformly without introducingbubblesusing 40% ethanol,
which generates lower capillary pressurghanpure water
whenintroducedn our nanochannels.

Hibaraetal. alsoobsenedinhomogeneouslling of wa-
ter, but they did not obsenre ary air trapping.This is notin
contradictionto our obsenations,since their channelsvere
only 100pumlong[16], andwe only obseredafew bubbles
for every millimeter afterthe channelsverefilled (Fig. 3b).
Similar trappingof the non-wettingphase(air in our case)
duringimbibition (injectinga wettingfluid) is awell-known
phenomenorin porousmedia[32,33] In the rangeof in-
termediateto high flow rates,the amountof the trapped
non-wettingphasedecreasesvith capillary pressure[33],
whichis in accordancéo our obsenations.The dimensions
betweenadjacentparticlesin porousmediaare comparable
to thedepthandwidth of ourchannelsThereforenanochan-
nelscouldalsoprove usefulasa modelsystemfor studying
wettingof porousmaterialsunderthis aspect.

5.3. Washhurn kineticsin channelswith differentdepth

To our knowledge,27-nm-deegchannelsarethe smallest
channelswherefilling kineticsby capillary force was stud-
ied. This wasonly possiblebecausef the recentadwvances
in the innovative developmentof cost-efective fabrication
methodsof nanochannelpl5,25,34-36] Thefilling ratede-
creasedvith diminishingchanneldepth(Fig. 5), whichis in
accordancevith Eq. (2). The! ~ 1%/? relationwasobsened
for channelsdown to about27 nm. Other filling kinetics
studiesof channelswith rectangulacross-sectionvereper
formedwith muchlarger channelsYanget al. reportedthe
marchingvelocity of capillary menisciin 500-nm-deesili-
connitride channelg18]. Hibaraetal. reportedilling kinet-
ics in 300-nm-deeghanneldabricatedn fusedsilica [16].
Both investicatedchannelof rectangulaccross-sectiomnd
they alsoobseredthel ~ %/2 relation.Sobole etal. made
kinetics studiesin channelswith circular cross-sectiorus-
ing pulled quartz capillaries with diametersso small as
80 nm [20]. Noneof thefilling studiesin nanochannelm-
cludingoursshowedary clearsignsof abruptphysicochem-
ical changesuchasphaseéransitiong37].

6. Conclusions

Using a novel andinexpensve technique we fabricated
nanochannelwith whichwe performedilling kineticsstud-
ies using different liquids in capillariesdown to 27 nm.
The position of the moving liquid meniscusduring filling
was obsened to be proportionalto the squareroot of time



neededor filling, whichcorrespondetb theclassicaMWash-
burn filling kinetics. For pure liquids suchas ethanoland
isopropanolthe experimentalresultsagreedwith the theo-
retical model basedon filling by capillary force. For two-
componentthanol-vatermixturessignificantdeviation to-
ward higherfilling rateswereobsened. We concludethere-
fore that nanochannelsay have a chemicalselectvity to-
ward water comparedto ethanol.However, we cannotex-
cludethatthe deviation may alsobe causedy the dynamic
contactangleof the mixture beingsmallerthanthatof pure
ethanolor water. Moreover, we obsened trappingof thenon-
wettingphasegair) duringfilling with water, which wasalso
obsened by othersin porousmaterials The extremesurface
to arearatio of our nanochanneis comparableo poresin
membranematerials.The high uniformity of the presented
nanochannelsould be usedas an idealizedmodelto study
highly complex masgransportmechanismsn porousmate-
rials.
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