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Fluid flow through nanometer-scale channels
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We describe studies of the pressure driven flow of several classical fluids through lithographically produced
channels in which one dimension, the channel heiglg in the micron or nanometer size range. The measured
flow rates are compared with theoretical predictions assuming no-slip boundary conditions at the walls of the
channel. The results for water agree well with this predictiorhfas small as 40 nrfour smallest channéls
However, for hexane, decane, hexadecane, and silicone oil we find deviations from this theor ighen
reduced below about 100 nm. The observed flow rates for dmaitk larger than theoretical expectations,
implying significant slip at the walls, and values of the slip length are estimated. The results are compared with
previous experimental and theoretical work.
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I. INTRODUCTION AND BACKGROUND Fluid was injected into and removed from the channel
through holes drilled into the top plate prior to this bonding.
The pressure driven flow of a classical Newtonian fluid, The following paragraphs describe the fabrication process in
such as water, in a macroscopic container can usually bgore detail.
described by Poiseuille’s law. This law follows routinely  The bottom substrate in Fig. 1 was a 0.25-mm-thick cover
from the Navier-Stokes equations together with some asglass, which was first coated with a layer of photoresist. The
sumptions about the nature of fluid motion at the walls of thethickness of this photoresist would eventually become the
container{1,2]. It is customary to assume that the tangentialheight of the flow channelh. This height was varied by
fluid velocity vanishes at a wall, i.e., no-slip boundary con-using different types of photoresist, employing different spin
ditions. While this is not likely to be correct at very small rates for depositing the photoresist, and by diluting the pho-
(i.e., molecular length scalege.g.,[3—6)), it is believed to  toresist with a thinning solutiofiL.2]. In this wayh was var-
be accurate at “macroscopic” scales. It was, therefore, quitged from 2.7 um to 40 nm. This photoresist layer was ex-
surprising when recent experimental studies of silicone oibosed and developed in two stages. It was first exposed
and isopropol alcohol reported a breakdown of Poiseuille’shrough a contact mask and then developed so as to open up
law in channels in which the smallest dimensiorwas of  two large regions, which would later become inlet and outlet
order of 20 um [7-11]. Interestingly, somébut not al) of  regions leading to and starting from the flow channel. These
these experiments observed smaller flow rates than expect@tlet and outlet regions were positioned to overlap with inlet
with no-slip boundary conditions, so simply incorporating and outlet holes drilled in the top plate. The inlet and outlet
slip into the theory cannot account for those experiments. regions also contained cylindrical “pillars” to prevent the
The present paper was designed to investigate this appaop and bottom plates from touching in these regions under
ent breakdown of Poiseuille’s law in more detail, by extend-the pressure applied during bonding.
ing the experiments to much smaller length scales. Our ma- The flow channel was formed by a second exposure-
jor results are as follows(l) We seeno evidence for a development step. For this case the desired flow channel pat-
breakdown of Poiseuille’s law in “large” channels, i.e., in tern (typically one or a few straight channglwas projected
channels with dimensions comparable to those studied iBnto the substrate using an optical microscgm8]. The
Refs.[7-11]. (2) We do observe deviations from Poiseuille’s channel widthw was varied from a few to 2Qum, with the
law in much smaller channels, and these deviations depenérger values ofw usually corresponding to the thinnest
systematically on the size of the fluid moleculd) The de-  channels(smallesth), so as to keep the flow rate in a con-
viations we observe correspond to flow rates thatlarger  venient range. However, in many cases we also vawed
than predicted by the theory with no-slip boundary condi-with h kept approximately constant to check that the varia-
tions. Hence, our results indicate that slip is significant, andions we observed were correlated withand notw. The

allow us to estimate the slip length. channel length was in the range 100-9@6n. This was
sufficiently long that the pressure variation within the inlet
Il. SAMPLE EABRICATION and outlet regions combined was never more that 5% of the

pressure across the channel. These inlet and outlet pressure

Figure 1 shows how the samples were constructed. Thdrops were estimated theoreticall¥4], and the final pres-
bottom surface and walls of the desired flow channel pattersure data corrected to correspond to just the pressure across
were produced by exposure and development of a layer dhe flow channel.
photoresist. The top of the flow channel was formed by seal- The top surface of the flow structure was sealed with a
ing with a second substrate that had been freshly coated withlass coverplaté0.25 mm thick, which had been coated
second layer of photoresist, which acted essentially as with a thin(200-nm) layer of (unbaked photoresist just prior
“glue” to bond the top plate to the body of the structure. to bonding to the main substrate. This bonding was accom-
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FIG. 1. Schematic of the
sample fabrication procedure, not
to scale.(a) Side view of the top
and bottom plates just prior to
bonding.(b) Top view of the bot-

G tom plate pattern. The pillars in
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the inlet and outlet regions are
shown. (c) Top view of the top
plate pattern.
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plished with gentle pressure from a vacuum holder. The qual- An accurate measure of the channel height was essential
ity of the seal could be judged easily by inspection with anfor calculating the expected Poiseuille flow rate. This height
optical microscope—Ileakéf presenj were clearly visible was determined in two independent ways. First, the thickness
through variations in the optical opacity, and such samplesf the bottom photoresist layer was determined from the

were discarded. manufacturer’s specifications, using the known photoresist
[ Capillary
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FIG. 2. Schematic the system used to measure the flow rate. The flow rate is measured by observing the motion of the meniscus in an
outlet capillary, which is here a macroscopic capillary. For some samples a second flow channel, fabricated on the substrate along with the
sample, was used.
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spin rate and the concentration of the thinning solutibn 6
any was used Second, in some samples we deposited thin

metal film electrodes in the inlet and outlet regions. The

channel was then filled with an electrolytéilute nitric 5
acid), and the measured conductance used to infer the chan-
nel height(the width and length were measured using mi-

croscopy. The channel height measured in this way agreed 4r i
with the value expected from the manufacturer’s estimate of
the photoresist thickness to within the combined uncertain- 3l 4

ties of approximately=5%. Since the(theoretical Poi-
seuille rate varies ds°, this contributes a 15% uncertainty in
the theoretically expected flow rate, and will turn out to be a 2t
major source of error.

Atomic force microscopy measurements were used to

characterize the roughness of the top and bottom surfaces of 02 0 02 04 06 08 1 12

1 L

the flow channel. In both cases the peak-to-peak roughness
was~0.5 nm over distances of order of &m. This rough-
ness may be important in theoretical estimates of the slip FiG. 3. Flow rateQ as a function of pressure for water for a
length. sample with a channel of height=42 nm. The channel width and
length were 7.5um and 118 um, respectively. The solid line is a
I1l. APPARATUS least squares fit.

P (10° Pa)

The apparatus shown in Fig. 2 was used to measure the
flow rate, as fluids moved through the sample in response tg;
an imposed pressure. This pressure was applied using
simple syringe, and measured with one or more piezoelectri
pressure gauges. Typical pressures were of order of 1 at
The inlet line contained a 25-nm filter; with this filter in
place, blockage was not a problem for the time required t
study a sample, typically 1 h.

For the larger channels the flow rate could be measure
by simply monitoring the liquid level as it moved through a
macroscopic capillary0.4-mm diametgr which was in se- . .
ries with the outlet side of the sample. With the smallest The slope of thez-t relation was obtained from a least

channels the flow rate was too small to measure convenientl§/quares fit, yielding the volume flow ra@ at a particular

in this way. Instead, we used a second channel that had bed| lue ofP. Measurements at different valuesfivere then

fabricated in series, and on the same substrate, with thgeriormed, and itwas found that, again as expedgedaried

sample. The motion of fluid through this measurement chan![-';.eatr)lth't.h P. to \a"th'n _cexlplc_erugen';claltertrr? I An example ?f
nel was measured with photomicroscopy. is behavior Is shown in Fig. 3. Note th@tis nonzero a

Since the photoresist used to bond the cover plate to th; =0, due to the capillary pressure in the measurement cap-

substrate was never “bakedin the sense of standard pho- illary. These data were ob_tained using a measureme_nt capil-
toresist processingcare was taken so that the samples weréa_“r’] Or? t]t}e sutr)]stratel, WZ'?h’ as dngted abovr(]a_, Wﬁs In slen%s
only exposed to red light. This applied to storage prior to orVIth the flow channel and located between this channel an

after measurement, and to the photomicroscopy mentioned #i‘e Ou“?t region. Thi_s capillary had the same height as the
the previous paragraph. Exposure to white or blue ”gmsample(ln this caseh=42 nm), so the associated capillary

caused the formation of pockets of, Njas in the unbaked pressure acted to draw fluid into the flow channel, hence the
photoresist layer, as part of the normal photochemical readiegative intercept with the pressure axis in Fig. 3. An esti-
tions, which occur during photoresist processfi§]. The mate of this capillary pressure is made dlfflc_ult by the fact
size of these pockets depended on the exposure conditiof{'{%at one of the surfaces is photorestsie other is glassand

(time and temperatuyeand (if they were allowed to form e ass_omated ;urface tension is not kndwe hopg to mea-
were typically many microns in diameter sure this quantity in the near futyreMeanwhile, if weas-

All of the measurements were conducted at room temSuUmethat the value of this surface tension is the same as for

perature (25°C), and the theoretically expected PoiseuillglaS?” we can estimate the (_:aplllary pressure using the l_JsuaI
relationP.,,~2y/h, wherey is the surface tension. For this

flow rates were calculated using values of the viscosity mea- . . .
sured at this temperature. sample we find thg theoretical .VaIlEQaPZZ.;SX 10* Pa, in
good agreement with the magnitudeRat whichQ extrapo-
lates to zero in Fig. 3.
According to the theory of Poiseuille flow, with no-slip
The measurements were carried out by first filling theboundary conditions at the channel walls, the volume flow

sample with fluid with a constant pressure applied at theate for a channel whose width and length are much greater

let. The outlet pressure was always atmospheric pressure.
lues of the sample pressupPegiven below are always the
ifference between the inlet and outlet pressures, corrected

r the estimated pressure drop in the inlet and outlet regions
(as mentioned aboyeThe positionz of the fluid meniscus in
6he outlet capillary(either the external capillary or the mea-
surement capillary fabricated on the subsirates measured

s a function of timez was always found to be a linear
unction of time(as expectexl confirming that sample block-
age was not a problem.

IV. RESULTS
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6 . . which indicate even smaller deviations from the theory. This
trend suggests that the slip length varies systematically with
the molecular size, which seems quite reasonable. The last

° fluid considered in Fig. 4 is silicone oil. We have studied this
hexadecane fluid so as to be able to compare directly with the earlier
4r 7 experiments discussed in the introduction. We find deviations
silicone from the no-slip theory only foh below about 300 nm. This
3| +. i contrasts sharply with the previous resuls-11], which

suggested deviations for mué¢imore than an order of mag-
nitude larger values oh. The reason for this discrepancy is
not clear to us.

o 1F o 1 V. DISCUSSION
3
o water The results in Fig. 4 show that the flow rates for decane,
l . . i S ;
20 100 1000 500 silicone oil, and hexadecane deviate increasingly from the

no-slip theory a$ is reduced. One can go beyond the no-slip

theory in several ways. It is perhaps simplest to assume a
FIG. 4. agypi! @iheory: the experimental flow rate normalized by nonzero(and phenomenologlc)atsllp Ieng.th)\ [3._6]' This

the theoretical prediction for Poiseuille flow with no-slip boundary l€ngth can be defined through the velocity profile across the

conditions, as a function of channel heightfor several fluids. channel. For Poiseuille flow through a narrow channel one

Typical error bars are approximately the size of the symbols, thdinds [1]

lines are guides to the eye.

h (nm)

u(z)=pB(h*-42%), )
than the height is given by whereu is the velocity,B is a numerical factor involving the
h3w viscosity and the pressure gradient, and the channel runs be-
cheory=m P, (1) tween=h/2 in thezdirection(we also assume thatis much

e less than the length and width of the chann&he flow rate
Q is then obtained by integration of E) over the range of
the channel-h/2<z<h/2.
e If there is slip at the walls of the channel, it is natural to
define the slip length througftsee alsd17])

where u is the viscosity, andP is again the pressure across
the channel; note that EQl) assumes that there is no con-
tribution from capillary pressure as mentioned above. Henc
the theory predicts that for our cas@eory™ @theory(P

—Pp) with u(z)=p[(h+2\)%2—-4z7%]. 4

o _ h®w @) Now u vanishes not at the walls, but at a fictitious point a
theory ™12, L" distance\ outside the channel. Integrating E@) we find
the flow rate
and with a nonzer®, due to capillary pressure effects. The
slope of theQ-P relation, as in Fig. 3, thus yields the ex- A
perimental value ofr. QS”P:QO( 4 ©)
Figure 4 shows results for several fluids, where we plot
the ratio of the experimentally measured and theoreticallywhereQy is the flow rate in the absence of slip, and we have
predicted values o as a function of channel height{16].  assumed\/h<1. (Note that it is not really necessary to
Note that each data point was obtained from the average flomake this assumption; we have in fact used the full expres-
rate of typically 15 separate samples, which had differension for the flow rate, the integral of E¢4) in analyzing our
values ofw (but the same value df). The main contribu- data below. Since the channel height, the fluid viscosity, and
tions to the overall are from the theoretical estimateaof other relevant parameters are all known, the experimental
(through the uncertainty in the measured and the uncer- results in Fig. 4 can be used with E§) (or its more general
tainty in the measurement @J. form) to obtain values of the slip length as a functiorhoff
For water the experimental and theoretical valuea afe  this description of the flow behavior makes sense, we should
equal(to within the uncertaintigsat all values oth. Hence, find that\ is independent oh.
there is no evidence for slip in this case. However, the pic- Results for the slip length as a functiontoare shown in
ture is different for the other fluids. The fluid with the largest Fig. 5. Only for decane and hexadecane do we have suffi-
molecular size is hexadecane, and it exhibits the largest deient data to examine the variation within any detail. For
viation from the no-slip theory. Decane is a smaller moleculedecane\ does indeed appear to have a constant value, which
in the same family and it shows smaller deviations from theis near 14 nm over a wide range bf For hexadecane it
no-slip theory. We also have limited results for hexénet  appears that decreases somewhathass reduced. This may
shown herg an even smaller molecule from this series,indicate that the fluid behavior near the wall is too compli-
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40 . . . T reason whyh must be closely related to this number. Our
results for hexadecandFig. 5 are in the range\
hexadecane ~25-30 nm, which is much smaller than found by Pit and

3ot 4 co-workers for a clean surface. However, our paper did not
/ involve sapphire surfaces, so a more direct comparison is not
possible at this time.

T 20l ] On the theoretical side, there have been molecular dynam-
= g silicone oil ics studies of slip behavior in Lennard-Jones flUid§ and
< decane . . .
— —— also in hexadecanfs]. Both calculations observe slip and
find, not surprisingly, that the slip length depends on the
10r ] T strength of the fluid-wall interaction. Unfortunately, the
hexane theory is not yet able to estimate this interaction strength for
0 realistic walls(i.e., glass or sapphiyeso a direct comparison
1 1 1 1 H H 1 1
40 80 30 100 120 140 with the experiments is not possible at present.
h(nm)

VI. CONCLUSIONS

FIG. 5. Slip length\ as a function of channel heigift for

several fluids. The lines are guides to the eye. We have devised a method for making liquid flow chan-

nels in which one dimensioh is in the nanometer range.

These channels have been used to study the pressure driven

cated to be described by a slip length with a velocity profileflow of several Newtonian fluids, and we have obtained

as simple as Eq4), but this apparent trend could also be duestrong evidence for slip at the interface between the fluid and

to uncertainties Irn. the walls of the flow channel. We find a slip length
While the question of Sllp at a |IQU|d-SO|ld interface has ~25-30 nm for hexadecane;r14 nm for decane, and

been mUCh discussed, thel’e iS I|tt|e quantitative eXperimentaLg nm for hexane. It will be interesting to extend these

evidence for a nonzero slip length in nonpolymeric fluids.measurements to other fluids, and to also study the effect of

Recently, Pit and co-workefd7] have used a near-field op- syrface preparation o.

tical techniqud 18] to measure the slip length of hexadecane

when flowing over sapphire surfaces that were pretreated in ACKNOWLEDGMENTS
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