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Filling kineticsof liquids in nanochannelsasnarrow as27 nm by
capillaryforce
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Abstract

Wereportthefilling kineticsof differentliquidsin nanofabricatedcapillarieswith rectangularcross-sectionby capillaryforce.Threesetso
channelswith differentgeometrywereemployedfor theexperiments.Thesmallestdimensionof thechannelcross-sectionwasrespectively
27,50,and73nm.Ethanol,isopropanol,waterandbinarymixturesof ethanolandwaterspontaneouslyfilled nanochannelswith innerwall
exposingsilanol groups.For all the liquids the positionof the moving liquid meniscuswasobserved to be proportionalto the squareroo
of time, which is in accordancewith the classicalWashburn kinetics.The velocity of the meniscusdecreasedboth with the dimensiono
the channeland the ratio betweenthe surfacetensionand the viscosity. In the caseof water, air-bubbleswerespontaneouslytrappeda
channelswerefilled. For a binarymixtureof 40%ethanolandwater, no trappingof air wasobservedanymore.Thefilling ratewashighe
thanexpected,whichalsocorrespondsto thedynamiccontactanglefor themixturebeinglower thanthatof pureethanol.Nanochannelsan
porousmaterialssharemany physicochemicalproperties,e.g.,thecomparableporessizeandextremelyhigh surfaceto volumeratio.Thes
similaritiessuggestthatournanochannelscouldbeusedasanidealizedmodelto studymasstransportmechanismsin systemswheresurfac
phenomenadominate.

Keywords:Ethanol;Isopropanol;Water;Ethanol–watermixture;Capillaryforce;Wetting; Filling kinetics;Nanochannels;Porousmaterials
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1. Introduction

For bionanotechnology, studying single molecules,an
physicochemicalphenomenaof liquids in the nanomet
scalenanofluidicdevicesprovide a novel tool [1–6]. Down
sizing of fluidic systemsis attractive for fundamentalstud
ies as well as biosensing[7–9]. For example,nanomete
sized entropic traps were usedto separatelong, genomi
DNA [2,3]. Nanochannelscombinedwith near-field mi
croscopy could be usedto locategenes[10]. Furthermor
by usingnanofluidicsystemsextremelysmall measureme
volumes,whichprovideenhanceddetectionof enzymaticre
actions,couldbeobtained[5]. Novel andinterestingphysic
ochemicalandthermodynamicphenomenaassociatedwith
liquids confined in nanofluidic systemssuch as double

* Correspondingauthor. Fax: +41 (0) 327250711.
E-mail address:urs.staufer@unine.ch(U. Staufer).
layer overlap [11], negative pressureinducedby capillar
force [6], and ion enrichment–depletioneffects[12], have
beenreported.

A less studied physicochemicaleffect, which is inher
ent for all nanofluidic devices, is the spontaneousfilling
by capillary force.Thekineticsof filling by capillary force
was first reportedby Washburn in 1921 [13]. The posi
tion of the moving liquid menisciduring filling wasfound
to be proportional to the square root of the filling time
Many reportednanofluidicsystemsfabricatedby micro-an
nanolithography have rectangularcross-sectionand chan
nel walls are often composedof silicon nitride and sili-
con dioxide [6,14,15]. The filling kineticsof channelswith
non-cylindrical cross-sectionwas also studied[16–19]. To
our knowledge,thesmallestcapillaryusedfor kinetic stud
ies weaspulled quartz capillarieswith inner diametero
80 nm [20]. In this article we report how differentliquids
fill silicon nitride/dioxidenanochannels,whichinnersurfac
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chemistrymainly consistsof hydrophilic silanolgroups,by
capillary force. The filling kinetics of wetting liquids fol-
lowedtheclassicalWashburn kinetics.Filling studiesusing
waterandbinary mixturesof ethanolandwatershow phe-
nomenasimilar to thatobserved in porousmaterialsuchas
trappingof thenon-wettingphase.

2. Theory

A simple modelfor thefilling kineticsby capillaryforce
in capillarieswith rectangularcross-sectionis usedfor this
study. For a capillary with circular cross-sectionand in-
ner radius of r , the capillary pressureis given as p =
2γ cosθd/r , whereγ andθd arethe surfacetensionof the
liquid andthedynamiccontactangle,respectively. Accord-
ing to White [21], this equationcan be usedto calculate
the capillary pressurein capillarieswith rectangularcross-
sectionif r is substitutedwith the hydraulic radius,rH =
A/s = r/2, whereA is the cross-sectionareaand s is the
wetted perimeter. For a rectangularchannelrH = A/s =
wd/2(w + d), where w is the width and d is the depth
(Figs.1 and2). For our nanochannels,d is smallcompared
to w, andwe approximatedrH ≈ d/2. Hence,the capillary
pressurein a rectangularchannelis p = 2γ cosθd/d . We
neglect the effectsof the staticpressure(<1 mbar), which
is justifiedsincethecapillarypressurein our nanochannels
wascalculatedto be above 3 bar. The dynamicfilling of a
capillary with circular cross-sectionby capillary pressure,
assumingthe non-slipcondition,is given by the Washburn
equation[13]. Themeniscusvelocity, v, alsoreferredasthe
filling rateis givenby

(1)v = rγ cosθd

4η

1

l
,

Fig. 1. Pseudo3-D and cross-sectionrepresentationof the fabrication
processof a pair of nanochannels.Detailsaregivenin Section3. Notethat
thedimensionsof theillustrationareneitherscalenor proportions.
wherel is the distancebetweenthe capillary meniscusand
the capillary inlet, and η is the viscosity of the liquid. To
obtainthemeniscusvelocity for acapillarywith rectangular
cross-section,we substitutedthe radiuswith the hydraulic
radius,r = 2rH ≈ d ,

(2)v ≈ dγ cosθd

4η

1

l
= D

2l
,

(3)D = dγ cosθd

2η
.

Themeniscusvelocity is higherfor largersurfacetensionto
viscosity ratiosandchanneldepth.Integrating the velocity
with respectto timeweget

(4)l =
√

dγ cosθd

2η

√
t = √

D
√

t .

The positionof the meniscusrelateswith time as l ∼ t1/2

which is universalfor conduitswith arbitraryshape,includ-
ing capillarieswith rectangularcross-section[17]. The pa-
rameterD, which is independentof time andthe meniscus

Fig. 2. Scanningelectron microscopy (SEM) imagesof cross-sections
throughnanochannelsfabricatedby partialetchingof asacrificiallayer. The
figureinsetin (a) correspondsto a zoomin Fig. 1e,whered is thechannel
depthandw is thewidth.Channeldepthandwidth weremeasuredby SEM.
Theblackandthin “bars”about500nm long (a) and 900nm long (b) are
theinnercavitiesof thecapillary, andthegrayareaon thepictureis thewall
material.Thechannelsin (a)and (b) are respectively 27 and 50nm deep.
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position, can be determinedby plotting l versus t1/2 val
ues.The l ∼ t1/2 scalinglaw originatesfrom the capillar
pressurewhich pulls the liquid into thechannel,andwhich
remainsconstant,while theflow resistanceincreaseslinearly
irrespectively of thegeometryof thechannelcross-sectio
Otherparameters,suchasthedegreeof roundnessof thecor
nersof rectangularchannels[17,19], thelayeredstructureo
the channelwalls [22,23], and the time dependency of the
dynamiccontactangle[24] thatinfluencethefilling ratear
not includedin Eq.(2). How theseissuesinfluencethefilling
kineticsaregoingto bepresentedin thediscussions.

3. Materials and methods

3.1. Microfabricationprocessof nanochannels

The nanochannelfabricationprocessis basedon partia
etchingof a sacrificial layer [25]. The fabricationproces
only requiresestablishedmicromachiningtechniquesan
doesnotrequireany nanolithography. Thestartingsubstrate
were 525-µm-thick, 100-mm-diameter〈100〉 silicon (Si
waferspolishedon oneside.TheSi waferwascleanedin a
mixtureof H2SO4 andperoxide((NH4)2S2O8) at120◦C fo
10 min, followed by buffered HF (BHF; NH4F:HF = 7:1
for 1 min, andfinally in 70% HNO3 at 115◦C for 10 min
Thewaferswererinsedin doublydeionized(DI) waterbe
tweenthe acid treatments.A layer of 2-µm-thick therma
silicon dioxide was grown. A sandwichof silicon nitride
(300 nm) depositedby low-pressurechemicalvapordepo
sition (SixNy) and silicon dioxide depositedby chemica
vapordeposition(SiO2) wasdeposited(Fig. 1a). Thedept
of the nanochannelsdependson the thicknessof the SiO2
layer. Processparametersfor SixNy deposition:temperatur
800◦C, gases:SiH2Cl2 andNH3, pressure200 mTorr; fo
SiO2 deposition:temperature:400◦C, gases:2% SiH4 in
N2, andO2, pressure:atmospheric.Thefabricationrequire
two photolithography processes;thewafersweredehydrate
at 200◦C for 30 min andsubjectedto a silanization treat
ment with hexamethyldisilazane.A layer of 1.8-µm-thic
positive photoresistwasspin-coatedonto the Si wafer an
prebaked for 1 min at 100◦C on a hot plate.A chromium
maskwith thechannelfeatureswasalignedto theSi wafe
During the first photolithography, the maskpatternswer
transferredto the resistby exposurewith UV, followed by
development.After development(1 min) thephotoresistwa
postbakedfor 30 min at 125◦C in anoven.Thephotoresi
served asa maskduring the following reactive ion etchin
(RIE) processwherethe patternswere transferredinto the
wafer. Etching was stoppedon the secondlayer of SixNy

(Fig. 1b). The sacrificial SiO2 layer was partially unde
etchedby BHF followedby rinsingusingDI water(Fig. 1c)
Thewidth of thenanochannelswasdeterminedby thetimed
etch(about200nm/min) of thesacrificial layer. Theremain
ing photoresistwasremovedby oxygenplasma.Beforethe
encapsulationof the nanochannels,the silicon nitride wa
treatedwith oxygen plasma(Tepla 132 from PVA Tepla
Feldkirchen,Germany. Parameters:RF power1000W, pres
sure0.73 mbar, 100◦C, 60 min) to createa surfacecom
posedmainlyof silicondioxide[26,27]. Theinnersurfaceo
our nanochannelsconsistedof a few monolayersof silicon
dioxideexposingsilanol groups(Fig. 1d). To seal thechan
nels,a freshlayerof SiO2 (400nm)wasdeposited(Fig. 1e)
A secondphotolithography and RIE processwere usedto
patternthe accessopeningsto the nanochannels.A secon
oxygenplasmaprocesswasusedto remove photoresistan
createa thin layer of silicon dioxide on the wafer surface
Polydimethylsiloxane(PDMS) O-ringswereprepared[28
andsealedreversibly to theaccessopeningsto serve asliq-
uid reservoirs (Fig. 1f). Fig. 2 shows a cross-sectionof the
fabricatednanochannels.

3.2. Experimentalprocedureof thefilling kineticstudies

Isopropanol(VLSI grade from Rockwood, Avenche
Switzerland), ethanol (analytical grade from VWR, Le
Lignon,Switzerland),mixturesof ethanolanddeionizedwa
ter of cleanroomquality (resistivity >10 M�/cm) andTris
(Fluka,Buchs,Switzerland)buffersspontaneouslyfilled ar
ray of channelsby capillary force. We observed the hori
zontallypositionednanochannelarraysusingastereomicro
scope(MZ8 from Leica)with ring-illumination.Wepipette
a few micromilliliters of a liquid into the PDMS reservoi
locatedon oneof the two accessopeningsof a nanocha
nel array. As thearrayof nanochannelsfilled, we wereabl
to seea changein color andcontrastbecauseof the differ
encebetweentherefractive index of air in thevacantchan
nelsandthe refractive index of the liquid (Fig. 3). Picture
and real-timemovies were taken througha digital camer
(CoolPix 5400 from Nikon, 5.1 million pixels, resolution

Fig. 3. Optical microscopeimageshowing the filling of channelarrays
Eacharray consistsof 40 pairs (Fig. 1), a total of 80 parallel nanocha
nels. Each channelis 900 nm wide, 50 nm deepand 15 mm long. Th
position of the meniscus,l, could be readfrom the integratedscale(8.
indicatel = 8.5 mm, eachminordivision is 100µm).(a)A channelarray i
filled with isopropanol.Thethick white arrow indicatesthemeniscuspos
tion. Thedarker areabelow thewhitearrow is filled and thebrighterareai
empty. A few channelswerenot filled, e.g.,middle and left. (b) Water wa
introducedinto the channelarray and bubblesweretrappedduring filling
(thin blackarrows).
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2592× 1944pixels, 24 bit color) mountedon thestereomi-
croscope.ComputersoftwarePinnacleStudio,Ver. 8.12.7.0,
from PinnacleSystemsandCorelDraw 11 from Corel was
respectively usedfor videoandimageanalysis.For thecase
of the 27-nm-deepnanochannelsit was necessaryto digi-
tally enhancethe contrastto determinethe position of the
meniscus.By reviewing the real-timemovies the position
of the meniscuscould be readfrom an integratedscalebe-
sidethenanochannelarray, andtheassociatedtimecouldbe
readfrom thecomputersoftware.For ethanol,40%ethanol,
andisopropanolthe positionof the commonmeniscuswas
clearly defined(Fig. 3a). It was more difficult to evaluate
the commonmeniscusfor watersincetherewasnot a uni-
form filling of thechannelarrays(Fig. 3b). Time wassetto
0 s asthedropletof liquid enteredthePDMSreservoir. The
(t1/2, l) valueswerereadandplotted.

3.3. Scanningelectronandfluorescencemicroscopies

For fluorescencemicroscopy 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 thenanochannelswasimagedwith a cooled
CCD camera(CF 8/4 DXC from Kappa, Gleichen,Ger-
many) mountedonaninvertedfluorescencemicroscopewith
integratedfilter sets(AxiovertS100from Zeiss).

Thedepthandwidth of nanochannelsweremeasuredby
scanningelectronmicroscopy (SEM).Theinstrumentwasa
XL30 ESEM-FEGfrom Philips.Samplesfor SEM imaging
werepreparedby cleaving a partof a processedwafer, such
that the cut ran acrossthe nanochannels,exposinga cross-
sectionof the nanochannels(Fig. 2). To decreasecharging
effectsa thin layer of AuPd (5 nm) wassputteredonto the
samplebeforeSEM.

4. Results

The kinetics of filling is determinedby the liquid, the
surfaceproperties,andthegeometryof thechannel.Weper-
formedtwo setsof experimentsby changingeithertheliquid
or thechannelgeometrywhile we kepttheotherparameters
constant.

For the first setof experiments,we investigatedthe fill-
ing in channelarraysusingwater, ethanol,isopropanol,and
a two-componentethanolandwatermixtures.A channelar-
rayhas80parallelchannelsandit is atleast15mmlong.The
individual channelsin anarrayare50 nm deepand900nm
wide. The experimentsweredoneunderambientcondition
(21–25◦C) withoutusingtemperaturecontrol.Duringwater
filling experiments,bubblesspontaneouslyappearedinside
the channels(Figs. 3 and 4). Apart from water, the varia-
tion of the meniscusposition within a channelarray was
about1% of the filled length.Eachfilling experimentwas
Fig. 4. Arraysof channelswerefilled using10 mM rhodamineB dissolved
in ethanol(a)and10mM fluoresceinin 10 mM Tris buffer, pH 7.2(b). Pic-
tureinsetin (b) showsamagnificationof abubbletrappedinsideachannel.
The distancebetweentwo adjacentchannels(thin bright lines) is 10 µm.
Thescalebar is 40µm.Thepicturesweretaken with acooledCCDcamera
using 640 ms of integration time, maximumgain and samecontrastset-
tings.The fluoresceinfilter sethasa higherfluorescencebackground,and
it is moresensitive to scatteredlight thantherhodamineset.Sincethesur-
faceof the substrateis not flat becauseof the fabricationprocess(Fig. 1)
theelevatedsurfacesarebrighterthanthelowersurfaces.

Fig. 5. Filling kineticsof water, ethanol,40%ethanol,and isopropanol.For
eachliquid threechannelarrayswerefilled. Aseachchannelarraywasfilled
themeniscuspositionand associatedtime valueswererecorded.Thethree
circular legends(!, ", #) are filling experimentsusingethanol,andeach
legendrepresentsdatafrom onefilling experiment.The triangular(P, �,
e), thesquarelegends(2, 1, E) and thelegends(+, ', %) correspondto
filling experimentsusing40%ethanol,isopropanol,andwater, respectively.

performedin a freshchannelarrayto avoid any contamina-
tion. The meniscusposition l andthe associatedtime were
readasthechannelsfilled (Fig. 3a).Thesquareroot of time
andtheassociatedmeniscuspositiondatawereplotted,and
datapointswerefittedusinga linearfunction.

For all the liquids we tested,the positionof the menis-
cus was observed to be proportionalto the squareroot of
thetimeneededto fill thechannelarray(Fig. 5), which is in
accordancewith the classicalWashburn kinetics.The fill-
ing rate, which is proportionalto the squareof the slope
of the linear fit D, is higher for ethanolthan isopropanol.
Thisobservationis in agreementwith Eq.(2), sincetheratio
betweensurfacetensionandviscosity is higherfor ethanol
(Table1). D wasobtainedfor eachfilling experimentandthe
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Table1
Summaryof filling experimentsin Figs.5 and6 andtabulatedsurfacetensionandviscosityvaluesat20◦C [29]

Channel depth (nm) Channel width (nm) Liquid Surface tension (dyn/cm) Viscosity (cP) D (mm2/s) SDa θd Time to fill 10 mmb

50 900 Water 72.9 1.00 0.677 0.02 68 2 min 28 s
50 900 EtOH 22.8 1.20 0.300 0.002 50 5 min 33 s
50 900 Isopropanol 23.8 2.26 0.156 0.01 53 10 min 40 s
50 900 40% EtOH 32.0 2.76 0.229 0.01 38 7 min 17 s
27 500 EtOH 22.8 1.20 0.177 0.004 46 9 min 25 s
73 600 EtOH 22.8 1.20 0.402 0.02 55 4 min 9 s

D is the square of the slope obtained from linear fits of data plotted inFigs. 5 and 6.
a Standard deviation ofD is based on three measurements performed on the same day.
b The time to fill channels 10 mm is the extrapolated using the fittedD values.
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Fig. 6. Filling kinetics of ethanol in channels with different depth. For
channel depth three channel arrays were filled. As each channel ar
filled the meniscus position and associated time values were record
three triangular legends (P,�, e) are filling experiments using 73-nm-d
channels, and each legend represents data from one filling experim
rectangular (2, 1, E) and the circular legends (!, ", $) correspond
filling experiments using 50- and 27-nm-deep channels, respectively

dynamic contact angle,θd, was calculated using Eq.(3) an
tabulated values (Table 1). The tabulated values are va
20◦C [29]. Each measuredD given inTable 1 is an avera
of three filling experiments performed on the same day
standard variation ofD for each liquid is less than 4%.
water,θd is 68◦. For ethanol and isopropanol,θd is respe
tively 51◦ and 54◦, and for a 40% (v/v) mixture of etha
and water,θd is 38◦.

In the second set of experiments, we selected etha
the test liquid, and studied channels of 27, 50, and 7
deep. The experimental conditions were the same as
first set of experiments. Washburn kinetics was observ
all channel depths. In agreement with Eq.(1) the filling rat
decreased with channel depth. Data sets ofl and t1/2 wer
plotted in Fig. 6, and the obtainedD values are listed
Table 1. The dynamic contact angle is 46◦ for 27-nm-dee
channels and 54◦ for 73-nm-deep channels.

The time needed to fill the channels using different liq
and channel depth is also given in Table 1. Depending on t
as
he

he

r

e

as

e
r

particular liquid and channel depth the time to fill 10-m
long channels tooks from 2 to 10 min.

5. Discussion

5.1. Filling kinetics of isopropanol, ethanol, and 40%
ethanol in water

We quantitatively studied ethanol, isopropanol, a
two-component mixture (40% ethanol (v/v) in water) in
nm-deep and 900-nm-wide channels. The results w
tained were in accordance with the classical Washbu
lation, the l ∼ t1/2 scaling law. This result also impl
that the dynamic contact angles remained independen
time for our experiments. For many times our results
in agreement with studies in nanometer-sized quartz
illaries [20]. Sobolev et al. showed that the dynamic
tact angle in nanometer-sized quartz capillaries rem
independent from time for meniscus velocities larger
5 µm/s, which is three times smaller than the lowest m
cus velocity (15.6 µm/s for ethanol in 27-nm-deep chann
l = 10 mm) in our studies. Since our time scale is far a
the seconds, dynamic contact angle changes during t
tial filling, studied using large-scale molecular dynamic
ulation of pore imbibition[24], could not be observed in
experiments.

We calculated the dynamic contact angle by insertin
fitted D values, and the tabulated values for surface
sion and viscosity, into Eq.(3). The values we obtained
the dynamic contact angles were all significantly larger
the equilibrium contact angles measured using a drop
analysis system from Krüss (Germany). We could only
standing droplets using water on silicon nitride and si
oxide surfaces. The equilibrium contact angle was
10◦ for water and close to zero for the other liquids.
periments performed by Sobolev et al.[20] showed also
huge difference between the equilibrium and dynamic
tact angle. It was observed in capillaries with radii of a
50 nm, that the dynamic contact angle of water incre
from 30◦ to 70◦ as the meniscus velocity increased fro
to 8 µm/s which is slightly smaller than our smallest me
cus velocity (15.6 µm/s for ethanol in 27-nm-deep chann
l = 10 mm). In our experiments,θd was 68◦ for water, whic
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agreeswell with the experimentaldataobtainedin quartz
capillaries[20]. For ethanol,θd was smaller than the dy-
namiccontactanglefor waterwhichwasin accordancewith
measurementsmadein glasscapillarieswith an inner ra-
dius of 0.295mm [30]. The θd for the 40% ethanolwater
mixture was 38◦, which was significantly smaller than θd
for bothwaterandethanol.We would expectthe θd for the
mixture to be betweenthat of ethanolandwater. Thereare
two possibleexplanations,eitherθd is really larger thanex-
pected,or theotherparametersin theD of Eq. (2) changed.
The dynamiccontactanglebetweena fluid and a surface
is dependenton the van der Waalsforces.Hence,both the
silicon dioxide, which is in a direct contactwith the liq-
uid, andthe underlyingsilicon nitride influenceθd [22,23].
However, it would be very surprising if the layeredsilicon
oxide/nitridesurfacehada profoundeffect for the mixture
comparedwith pureliquids.We look atEq.(2) for otherex-
planations.Firstly, asmentionedby DongandChatzis[17],
thefilling rateis dependenton theroundnessof thecorners
of capillarieswith rectangularcross-section.For the filling
of water, ethanol,isopropanol,and 40% ethanolthe same
setof channels(50nmdeep)wasused,andthereforethein-
fluencedue to the roundnessof the cornerswas the same
for all the liquids. Hence,thegeometryof thecross-section
could not explain the relatively higherfilling rate.The re-
maining parameterswhich influenceD are the depth,the
viscosity, and the surfacetension.The depthof our chan-
nels,like the roundnessof the corners,which only depend
onthegeometry, wouldnotexplainthedeviation.Finally, an
increaseof theratiobetweenthesurfacetensionandthevis-
cosity, γ /η, would alsoincreasethe filling rate.According
to tabulatedviscosityandsurfacetensionvaluesfor ethanol–
water mixtures [29], 30% ethanolin water mixture hasa
larger γ /η value than the 40% ethanolwe usedto fill our
nanochannels.Thismighthint thattheethanolcontentinside
thenanochannelsis lower thanin the initial mixture,which
impliesachemicalselectivity of thenanochanneltowardwa-
ter. Porousmembranes,that are usedto separatemixtures
of ethanolandwaterby pervaporation,exhibit similar prop-
ertiesasour nanochannels[31]. Suchmembranesaremore
permeablefor water than ethanol,andof morewater than
ethanolenteringthemembrane.Also ourchannelsandthese
membranesboth have hydrophilic inner surfaceand simi-
lar poresize. Thegeometryof our nanochannelsis uniform
while poresin membranesare lesswell-defined.Arrays of
nanochannelscouldhenceserve asan idealizedmodelsys-
temto achieve a betterunderstandingof complicatedtrans-
port andseparationmechanismsin membranematerials.

5.2. Filling longnanochannelswith waterandtrappingair

Wealsofilled nanochannelsusingdifferentaqueoussolu-
tions.In contrastto ethanolandisopropanol,thefilling was
very inhomogeneousand bubblesappearedspontaneously.
With time the size of the bubblesdiminished.Inhomoge-
neousfilling andbubbleswerealsoobservedusingfluores-
cencemicroscopy (Fig. 3b). The position of the common
meniscusevolved with time correspondsto the Washburn
kinetics,however, we do not know how individual channels
arefilled. Channelswerealsofilled usingothermixturesof
ethanolandDI water(9%, 18%,ethanol)for which we still
observedbubbleformation.Wewereableto fill thechannels
uniformly without introducingbubblesusing40% ethanol,
which generatesa lower capillary pressurethanpurewater
whenintroducedin ournanochannels.

Hibaraet al. alsoobservedinhomogeneousfilling of wa-
ter, but they did not observe any air trapping.This is not in
contradictionto our observations,sincetheir channelswere
only 100µmlong [16], andweonly observeda few bubbles
for every millimeter after thechannelswerefilled (Fig. 3b).
Similar trappingof the non-wettingphase(air in our case)
duringimbibition (injectingawettingfluid) is awell-known
phenomenonin porousmedia[32,33]. In the rangeof in-
termediateto high flow rates,the amountof the trapped
non-wettingphasedecreaseswith capillary pressure[33],
which is in accordanceto our observations.Thedimensions
betweenadjacentparticlesin porousmediaarecomparable
to thedepthandwidth of ourchannels.Therefore,nanochan-
nelscouldalsoprove usefulasa modelsystemfor studying
wettingof porousmaterialsunderthisaspect.

5.3. Washburn kineticsin channelswith differentdepth

To our knowledge,27-nm-deepchannelsarethesmallest
channelswherefilling kineticsby capillary forcewasstud-
ied. This wasonly possiblebecauseof the recentadvances
in the innovative developmentof cost-effective fabrication
methodsof nanochannels[15,25,34–36]. Thefilling ratede-
creasedwith diminishingchanneldepth(Fig. 5), which is in
accordancewith Eq. (2). The l ∼ t1/2 relationwasobserved
for channelsdown to about 27 nm. Other filling kinetics
studiesof channelswith rectangularcross-sectionwereper-
formedwith muchlargerchannels.Yanget al. reportedthe
marchingvelocity of capillarymenisciin 500-nm-deepsili-
connitridechannels[18]. Hibaraetal. reportedfilling kinet-
ics in 300-nm-deepchannelsfabricatedin fusedsilica [16].
Both investigatedchannelsof rectangularcross-sectionand
they alsoobservedthe l ∼ t1/2 relation.Sobolev et al. made
kineticsstudiesin channelswith circular cross-sectionus-
ing pulled quartz capillaries with diametersso small as
80 nm [20]. Noneof the filling studiesin nanochannelsin-
cludingoursshowedany clearsignsof abruptphysicochem-
ical changessuchasphasetransitions[37].

6. Conclusions

Using a novel andinexpensive technique,we fabricated
nanochannelswith whichweperformedfilling kineticsstud-
ies using different liquids in capillariesdown to 27 nm.
The position of the moving liquid meniscusduring filling
wasobserved to be proportionalto the squareroot of time
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neededfor filling, whichcorrespondedto theclassicalWash
burn filling kinetics.For pure liquids suchas ethanolan
isopropanolthe experimentalresultsagreedwith the theo
retical model basedon filling by capillary force. For two
componentethanol–watermixturessignificantdeviation to
ward higherfilling rateswereobserved.We concludethere
fore that nanochannelsmay have a chemicalselectivity to
ward water comparedto ethanol.However, we cannotex
cludethat thedeviation may alsobecausedby thedynami
contactangleof themixturebeingsmallerthanthatof pur
ethanolorwater. Moreover, weobserved trappingof thenon
wettingphase(air) duringfilling with water, whichwasals
observed by othersin porousmaterials.Theextremesurfac
to arearatio of our nanochannelis comparableto poresin
membranematerials.The high uniformity of the presente
nanochannelscouldbe usedas an idealizedmodelto stud
highly complex masstransportmechanismsin porousmate
rials.
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