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An instrument to control parallel plate separation for nanoscale
flow control
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The handling of extremely small samples of gases and liquids has long been a subject of research
among biologists, chemists, and engineers. A few scientific instruments, notably the surface force
apparatus, have been used extensively to investigate very short-range molecular phenomena. This
article describes the design, fabrication, and characterization of an easily manufactured, gas and
liquid flow control device called theNanogate. The Nanogate controls liquid flows under very high
planar confinement, wherein the liquid film is, in one dimension, on the scale of nanometers, but is
on the scale of hundreds of microns in its other dimensions. The liquid film is confined between a
silica ~Pyrex! surface with a typical roughness of Ra'6 nm and a gold-covered silicon surface with
a typical roughness of Ra'2 nm. During the manufacturing process, the Pyrex flows and conforms
to the gold-covered silicon surface, improving the mating properties of the two surfaces. The fluid
film thickness can be controlled within 2 Å, from sub-10 nm up to 1mm. Control of helium gas flow
rates in the 1029 atm cm3/s range, and sub-nl/s flow rates of water and methanol have been
predicted and experimentally verified. ©2003 American Institute of Physics.
@DOI: 10.1063/1.1621066#
o-
rd
ro
th

ow
a

ica
,
its
r

to
w

a

ac
ec

om

at is
ids
on-
uld
ll-

of

ly
can
on

ide
of

ous
lly
r-
-
ni-
ns
tion
e-
that
I. INTRODUCTION

The physics of fluid flows confined to a channel of m
lecular dimensions, which are understood to be on the o
of nanometers, are sometimes substantially altered f
what is observed in continuum systems. For example, in
case of a gaseous mixture flowing in a sufficiently narr
channel, molecules of different molecular weights flow
different rates. With simple liquids confined between m
sheets separated by less than ten molecular dimensions
lidification, wherein the liquid viscosity increases beyond
bulk value, has been observed using the surface fo
apparatus.1,2 Slip flow, where the fluid viscosity appears
decrease below its bulk value, has been observed, again
the surface force apparatus, in nondegassed liquids~both po-
lar and nonpolar! between nonwetting mica surfaces, even
relatively large separation distances of 50 nm.3 These effects
were observed to disappear with increasing surf
roughness.4 However, the surface force apparatus is not n
essarily an ideal mechanism for studying fluid flows since
is an indirect approach where the viscosity is inferred fr

a!Electronic mail: jwhite@mit.edu
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the measurement of surface forces acting over an area th
not precisely defined. In addition, ensuring some liqu
have no dissolved gas can be difficult in an open envir
ment. An ideal apparatus for verifying these results wo
thus allow direct control of the plate separation, a we
defined interaction area, and a direct measurement
pressure-driven fluid flowrate.

In addition, with a long, narrow channel of sufficient
small dimensions, and appropriate surface chemistry, one
reasonably conceive of excluding particles based solely
their size. By making the channel height adjustable, a w
range of molecule sizes could be filtered without the loss
larger particles that is characteristic of a conventional por
filter. More generally, one could conceive of mechanica
filtering a solution of unknown composition, particle by pa
ticle, or introducing minute, well-controlled quantities of liq
uid or gas into a chemical or biological process. A mecha
cal filter that operated in this manner might have applicatio
in processes such as drug discovery, where the manipula
of extremely small quantities of liquid is required. The d
sign challenge is therefore to create an adjustable device
can confine liquid flows on nanometer~or subnanometer!
length scales.
9 © 2003 American Institute of Physics
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A review of manufacturing processes5 reveals that
etched and machined surfaces typically have roughnes
the order of hundreds of nanometers, and, similarly, fea
contour and straightness on the order of microns. In comp
son, flat surfaces, which are simple to manufacture, can h
nanometer-scale flatness and surface finish and are re
obtained, for example, in the form of silicon wafers, gla
wafers and optical flats. Mounting two polished surfaces
close proximity creates a very long, nanometer-high chan
or aperture. Accordingly, a platform technology of ‘‘surfa
finish mechanisms’’~SFMs! based on this principle was pro
posed by Slocum,6 and this article describes research co
ducted to develop and test the design theory for this clas
devices.

In a SFM, the minimum size of the aperture is limite
only by the roughness and local bow and warp of the t
opposed surfaces. In fact, as will be shown, certain manu
turing processes can cause the surfaces to conform to
other to the nanometer level, so initial bow and warp ne
not be of primary concern. As a result, in a nanometer-sc
channel with a very large aspect ratio of height to leng
~here, greater than 105), surface forces strongly influence th
liquids that are flowing. Molecules inside the channel fi

FIG. 1. Operation principle of the Nanogate showing~a! undeflected mode
and ~b! deflected mode.

FIG. 2. Nanogate die dimensions.
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themselves confined between two plates of essentially
nite extent in all directions. Therefore, the surface chemis
planarity, and roughness can have a dominant effect on fl
flow properties.

The Nanogateis a fundamental embodiment of a SF
mechanism, as shown in the cross section in Figs. 1~a! and
1~b!, where the axis of revolution is through the center of t
device. It incorporates two parallel, polished, flat surfac
several hundred microns in diameter, and a circular p
flexure and fulcrum mechanism to control their separati
The flexure structure acts as a mechanical transmission,
translates the~relatively! coarse motion of a macroscop
external actuator assembly into fine control over the sep
tion of the central-plate region. The fulcrum’s stiffness is f
less than that of the circular plate flexure, and it also act
isolate the flow region from the outside.

II. DESIGN

We have deliberately tried to use microelectromecha
cal systems~MEMS! technology where it gives the greate

FIG. 3. Fulcrum stiffness vs height/thickness ratio~b/a!.

FIG. 4. Nanogate fabrication process.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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benefits, here in the production of very precise flexures
very highly polished surfaces. However, MEMS was not
dicated for the high force precision actuators, nor is it n
essarily most suitable for high-vacuum connectors and pa
aging. Therefore, the Nanogate is not a true MEMS dev
but rather a nanosystem that incorporates both MEMS
conventional components. A true MEMS Nanogate wo
have the functions of actuation and metrology fully int
grated into the parallel manufacturing process. The Nano
is shown conceptually in a two-dimensional drawing in F
1~a!, where the axis of revolution is through the center of t
device. The circular plate flexure diameter is 7.5 mm. T
resulting lever and fulcrum mechanism has high mechan
impedance for prying the two surfaces apart. This has b
fabricated as an etched silicon structure bonded to a P
substrate. Deflections are applied to the periphery of the
cular plate flexure, as shown in Fig. 1~b!, causing separation
of the top silicon and bottom Pyrex central surfaces.

The overall dimensions of the manufactured Nanog
are given in Fig. 2. Two parameters were of interest in
signing this device. The first was the transmission ra
which is the ratio of the deflection applied to the outer p
riphery of the circular plate flexure to the movement of t
central boss~valve land!. The second was the maximum a
erture, limited by the stresses in the fulcrum. The deflect
of the circular plate flexure can be readily calculated fro
plate theory,7 neglecting the stiffness of the fulcrum~which,
here, is 2% of the stiffness of the circular plate flexure!, from
which the transmission ratio,T, is found to be

FIG. 5. Diagram of packaged Nanogate.

FIG. 6. Completed Nanogate die, mounted in fixture.
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T5
w~r 5a!

w~r 50!
516.9, ~1!

wherew is the vertical deflection of the circular plate flexur
r is the radial position, anda is the outer radius of the circu
lar plate flexure. The flexible fulcrum can be modeled a
semi-infinite cylindrical shell, provided that the ratio o
height to thickness is greater than 3. Shorter fulcrums
come stiffer, as shown in Fig. 3. The torsional stiffness~wrt.
its fulcrum action! of the edge of the cylindrical shell is
given by8

t5
M2

f
5lD, ~2!

whereD is the plate stiffness of the shell

D5
Et3

12~12n2!
, ~3!

E is Young’s modulus~assumed 150 GPa for silicon!, n is
Poisson’s ratio~0.25 for silicon!, t is the shell thickness~25
mm!. l is defined as

l5A4 3~12n2!

R2t2
, ~4!

where R is the fulcrum radius~1.25 mm!. The maximum
stress in the fulcrum is at its attachment point to the circu
plate flexure. At this point

smax5
2l3DR

t
u. ~5!

For the given geometry, assuming a maximum stress in
fulcrum of 1 GPa, the maximum deflection on the periphe

FIG. 7. Silicon surface measured by optical profilometry. Ra52.1 nm.

FIG. 8. Pyrex surface measured by optical profilometry. Ra56.5 nm.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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is 71 mm and the maximum deflection in the center of t
valve land will be 4.2mm, while the minimum central de
flection is on the nanometer level from experimental testi
The Nanogate’s open loop sensitivity to fluctuations in
input fluid pressure is calculated as 25 nm per 1 atm pres
change thus in the case of large inlet pressure fluctuati
high resolution position feedback may be employed to ma
tain the gap at its setpoint.

The lever-fulcrum action of the structure allows prec
control of the gap opening. In our latest experiment,
opening and closing motion of the Nanogate has been m
sured in increments as small as 2 Å with constant inlet pres
sure. Furthermore, our results have shown that the gate
not experience pull-in or stiction instabilities during closin
and opening in air. Two reasons have been put forward
explain why stiction is not an issue in this apparatus, wh
causing failures in many other MEMS devices. One is t
gold and Pyrex glass have a very small chemical affinity a
will not bond. The other is that the high stiffness of th
system precludes us from seeing any stiction effects eve
they exist. These results, combined with the flow resu
shown later, verify our fundamental design philosophy a
indicate that we can have very stable control of the gap s
The first device built is a MEMS proportional fluid flow
control valve.

III. FABRICATION

The high-precision wetted parts of the Nanogate
manufactured using conventional MEMS etching and bo

FIG. 9. Pyrex surface, deformed during the bonding process to match
silicon surface.

FIG. 10. SEM of Pyrex surface showing broken fulcrum.
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ing technologies. The flexure and fulcrum structure a
etched from a silicon wafer using the Bosch deep reac
ion etch process.9 The valve land is then coated with a th
layer of gold, and the finished silicon wafer is anodica
bonded to a bare Pyrex wafer with machined interconnec
holes. The gold layer~specifically, 20 nm Ti/100 nm Pt/20
nm Ti/100 nm Au! creates a selective bond by preventi
bonding in the region where it is applied, and no addition
release steps are required after bonding. The interven
layer of platinum prevents the gold from diffusing into th
silicon during the bonding process and forming a eutec
AuSi layer, which will bond to glass. It is necessary to ca
fully monitor the thermal budget to avoid the formation of
gold–silicon eutectic during bonding. This parallel manufa
turing approach, shown in Fig. 4, produces integrated nan
cale fluidic systems with virtually any fluidic interconne
tions. The ability to add electrical interconnections to th
process will also be fundamental to integrating metrology
future generations.

The packaging of the Nanogate has proven fundame
to obtaining reliable experimental data. The Nanogate
packaged at the die level by anodically bonding the thr
layer silicon and glass wafer stack to a polished, machi
Pyrex die. Kovar tubes with Swagelok™ connectors are t
bonded to the large Pyrex die, as shown in Figs. 5 and
using a leak sealant epoxy with minimal outgassing in h
vacuum~Kurt Lesker KL-5, Kurt Lesker Inc., Clairton, PA!.
This large, rigid base provides standard connections to ex
nal apparatus such as syringe pumps, or high vacuum eq
ment. The package can be pumped down to 1027 Torr, or

he

FIG. 11. SEM of silicon surface showing broken fulcrum.

FIG. 12. Picture of Nanogate apparatus.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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pressurized to over 100 psi without any adverse effects.
thermore, it can be heated to 200 °C without damage.

Additional metrology studies on finished Nanogate d
indicated that the final surface roughness of the gold-coa
silicon was Ra52.1 nm, shown in Fig. 7, and the roughne
of the Pyrex surface was Ra56.5 nm, shown in Fig. 8. Dur-
ing the anodic bonding process~800 V at 325 °C until bond-
ing current levels off, followed by 60 min cool-down! the
Pyrex flows slightly, as shown in Fig. 9, causing the va
surfaces to mate conformally. The roughness of each sur
is unchanged by the bonding process. This then relie
some of the requirements on the initial bow/warp of the m
ing surfaces, as the Pyrex will deform by approximately
nm to take the shape of the silicon boss.

A forensic examination of a Nanogate indicates that
bond between the fulcrum and the pyrex base is also v
strong. Figures 10 and 11 show scanning electron mic
copy ~SEM! images of a forcibly disassembled Nanogate
is evident that either the fulcrum breaks, or pieces of
Pyrex substrate are removed when the top and bottom la
are separated. This shows that the bond, and hence, the
between the inner flow region and the outside world, is
bust.

IV. ACTUATION, METROLOGY, AND MECHANICAL
CHARACTERIZATION

The experimental apparatus consist of a Zygo ZMI 5
single-point laser interferometer with 2.4 nm resolution,
determining the deflection of the valve land, a piezoelec
stepper actuator, the New Focus Picomotor™, with appro
mately 3.5 nm step size~under load!, Super Invar mounting
fixtures and fluid handling equipment for each test case
closeup of the basic apparatus is shown in Fig. 12.

The mechanical response of the Nanogate was calibr
using the Picomotor as the actuator and the Zygo opt
probe for displacement metrology. The displacement of
valve land was thus measured directly. The average displ
ment of the valve land per applied Picomotor step was
termined to be 2 Å, as inferred in Fig. 13 from measureme
over a 150 nm excursion, corresponding to 750 applied
comotor steps.

FIG. 13. Average change in position per step: 2 Å.
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V. FLOW RESULTS: HELIUM

The flow of gases at atmospheric pressure in the N
ogate is described by Knudsen’s equation for rareified
flow10

U5ART

M

8

3
A2p

h2

ln~r 2 /r 1!
cm3/s, ~6!

whereM is the molecular mass,T is temperature,R is the
ideal gas constant,h is the gap height, andr 2 andr 1 are the
inner and outer radii of the flow channel. Helium leak te
were conducted using a Varian 979 helium leak tester, wh
uses a mass spectrometer to determine the leak rate, an
mass flow sensitivity of 10210atm cm3/s. Helium leak tests
were performed at room temperature~22 °C!. The machine
was self-calibrating, and before any tests were perform
the inlet was sealed, and the machine determined the b
line ~‘‘zero’’ ! leak rate. The outlet of the Nanogate valve w
connected to the inlet of the helium leak tester using a
in.324 in. flexible stainless steel tube with VCR-4 fittings o
each end. The leak rate was then measured, at a given
sure drop, for a range of valve openings. The data obtai
from our test artifact is summarized in Fig. 14. The minimu
observed leak rate, for zero opening, was 4
31027 atm cm3/s; this quantity is expected to be a functio
of the artifact under test. However, the base line leak rat
also increased by gas leaks from the surrounding ambien
through the metal fittings and the package. After subtract
the baseline leak, the dependence of the flowrate on N
ogate displacement conforms very closely to what is p
dicted by Eq.~6!. This would not be the case if an actual ga
still existed, thus supporting the assertion that the base
leak was due to other sources and indicating the need f
better package. Fully open, however, the helium leak rat
greater than 131023 atm cm3/s, which exceeds the uppe
bound of the measurement capability of the helium le
tester. This indicates the nanogate can achieve over four
cades of dynamic flow control. For comparison purposes,
capabilities of various similar flow control technologies a
summarized in Table I.

FIG. 14. Helium flow test~pressure drop: 6.35 psi into vacuum!.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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TABLE I. Comparison of Nanogate to selected existing technologies.

Parameter Nanogate Yanget al.a

Varianb

variable leak
valve

Redwood
microsystemsc

MFC

Minimum leak rate
~He at 1 bar into
vacuum!

2.731027

atm cm3/s
131027

atm cm3/s
,10210 atm cm3/s ;1027 atm cm3/s

Maximum flow rate
~1 atm into vacuum!

,1023 atm cm3/s 0.015 atm cm3/s .1023 atm cm3/s 33.3 atm cm3/s

Minimum
controllable flow rate

1029 atm cm3/s 331023

atm cm3/s
10210 atm cm3/s 1023 atm cm3/s

Packaged size 1.0 in.31.0 in.3
1.5 in. ~w/o
control
electronics!

10 cm3

~without drive
electronics!

4.5 in.34.5 in.3
2.5 in.

1.5 in.34.5 in.34.9 in.
~with drive
electronics!

Control method Piezoelectric Piezoelectric Manual Thermopneumatic
Valve position
feedback

Yes No No No

Particle-free
operation

Yes Indeterminate No Yes

Multiple valves per
package?

Yes Yes No Yes

‘‘Hard’’ sealing
materials~low He
permeability!

Yes ~gold on
Pyrex!

Yes ~silicon
oxide on
silicon oxide!

Yes ~sapphire
on metal!

No ~elastomer
seat!

Actuation mechanism MEMS
fulcrum and
flexure plate

Piezoelectric
actuator

Fine pitch
screw
thread/lever

Thermopneumatic
fluid

Sealing mechanism Conformal
gold and Pyrex
surfaces

Silicon oxide
mating
surfaces

Metal gasket
against
optically flat
sapphire

Silicon boss
against elastomer
seat

aE. H. Yanget al., ‘‘Normally-closed, leak-tight piezoelectric microvalve under ultra-high upstream pressure for integrated micropropulsion,’’ MEMS
Kyoto, 17–25 2003 Jan., pp. 80–83.

bVarian Inc., Lexington, MA.
cRedwood Microsystems, Menlo Park, CA.
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VI. FLOW RESULTS: WATER AND METHANOL

Pressure driven flow tests were conducted with
ionized water and methanol. In the Nanogate, liquid flow
entirely viscous, and governed by Poiseuille’s equation fo
toroidal geometry

Q5
ph3

6m
lnS r 2

r 1
DDP m3/s, ~7!

whereh is the gap height,m is the viscosity,r 2 andr 1 are the
outer and inner radii of the flow region, respectively, andDP
is the pressure drop across the annulus. The inlet rese
was connected to a pressurized nitrogen accumula

FIG. 15. Methanol flow test~pressure drop: 20 psi!.
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thereby providing a constant inlet pressure to the valve. T
outlet channel of the Nanogate, which is 45 mm long and
a constant cross section of 45mm3100 mm, was directly
observed with an optical microscope. Since the dimensi
of the outlet channel were precisely measured in advance
flow rate can be determined by observing the progress of
flow front’s meniscus in an air-filled channel. The data f
methanol is summarized in Fig. 15, which shows no dep
ture from the expected~theoretical! prediction for methanol
for channel heights down to 150 nm. The flow conditions
methanol were room temperature~22 °C! and a pressure drop
of 20 psi. Liquid flow tests were also conducted with wa
for channel heights down to 80 nm, with a pressure drop
40 psi, also at room temperature. These results are sum
rized in Fig. 16. The error bars on the position measurem

FIG. 16. Water flow test~pressure drop: 40 psi!.
 license or copyright; see http://rsi.aip.org/rsi/copyright.jsp
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~615 nm! are the consequence of thermal fluctuations dur
the test interval. For very long measurement times~i.e., very
small flow rates!, thermal variances cause the interferome
reading to vary. Thus, thermal fluctuations limit the measu
ment time and the smallest flow rate that can be usef
observed in our simple system.

A final test was to evaluate the base line leak rate
water through the Nanogate when it was entirely closed. W
ter at a pressure of 40 psi was applied to the inlet for 7 da
but no flow could be observed. More elaborate tests, poss
using a mass spectrometer to detect any small leakag
liquid, would be required to confirm that the off-state flo
rate was entirely zero.

VII. DISCUSSION

The no-slip boundary condition and the Navier–Stok
equations have been verified for water flowing past glass
gold surfaces separated by only 80 nm. Rarefied gas th
has been confirmed to describe atmospheric pressure
flows in nanometer-scale channels. Immediate applicat
of the Nanogate are in ultrafine flow control and high co
plexity microfluidic systems. Further applications in g
chromatography and liquid separations have also been
pothesized but not yet demonstrated experimentally and
Downloaded 11 Oct 2008 to 18.100.0.118. Redistribution subject to AIP
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the subject of future work. More broadly, it is believed th
the Nanogate can be regarded as a basic scientific instru
for research on the properties of highly confined, molecu
scale liquid and gas systems.
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