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Abstract
The NanoGate is adevice that precisely meters the flow of tiny volumes of fluid. Precise control of the

flow restriction is accomplished by deflecting a cantilevered plate that is anchored by atorsion spring, as
shown in Figure 1. The opening is adjustable on a sub-nanometer scale using a piezoel ectric actuator.
Therefore, the Nanogate could act as amolecular filtering device or a high precision proportional valve. In
addition, the Nanogate has been manufactured on both the micro and macro scale. The Nanogate isthe
first analytical instrument to allow nanometer-to-hundred nanometer sized gaps to be set by controlled

actuation, thereby enabling studies of fluid flow never before possible.

1. INTRODUCTION

A. Overview

The Nanogate is amicro-mechanical device that can accurately and repeatably control a nanometer-sized
gap. The circular flexure structure is etched insilicon then selectively bonded to a Pyrex 7740 substrate. A
piezoelectric ring actuator is positioned on top of the 150 mm-thick Nanogate diaphragm using pick-and-
place assembly, then eutectically bonded to ensure electrical contact. The diameter of the Nanogate
diaphragm is 7 mm. The overall die sizeis 10 mm. Surrounding packaging permits the inlet and outlet of

gases or liquids, and fixtures the Nanogate relative to the optical interferometer used for position sensing.
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Figure 1: Nanogate structur e (defor med)

B. Gas Flow
Here, the NanoGate is being used to investigate fluid flow effects at extremely small length scales. Prior

research at UCLA by Prof. C.M. Ho, for example, looked at gas flows in microchannels with a Knudsen
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number® of 0.058. In our estimation, the Nanogate will allow us to experimentally determine the properties
of gas flows with a Knudsen number of 1 to 10, using an adjustable mechanism. Initially, the leak rate of
helium through the Nanogate will be tested against aNIST calibrated |eak using a conventional helium leak
detector. Thiswill provide experimental comparison to the well-understood theory of molecular gas flows,
and determine the Nanogate’ s viability as an adjustable leak standard.

C. Liquid Flow

A further experiment will be to investigate the properties of pressure driven liquid flows confined to a
narrow gap. This area of fluid mechanics— “nanoscale fluidics’ has not been widely studied, however
several groups have conducted studiesin thisregime, using the surface force apparatus. These studies have
shown an unexpected dependence between the confinement of the liquid, and variationsin the bulk
properties such as viscosity and density [3,4,5]. One hypothetical explanation for this change is shown
graphically in Figure 2 below. Asthe size of the gap in which the fluid flows isreduced, short-range

ordering—vitrification or crystallization occurs, increasing the viscosity of the liquid.
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Figure2: Hypothesized non-continuum behavior of aliquid
Furthermore, unexpected variationsin “slip length” as afunction of the liquid-air wetting angle have been
observed [6]. Here, certain Newtonian fluids appear to be less viscous than expected at short length scales!
The Nanogate will be used to quantitatively verify these results, which appear to violate the assumptions of

ano-slip boundary condition, and a continuum liquid governed by Navier-Stokes' laws.

2. THEORY

A. Gas Flow

It iswell known that the Navier-Stokes equations governing gas flow do not adequately model flows at low
pressures or at very small length scales. The Knudsen number (Kn = ?/L), gives a quantifiable indication

of when acorrection to Navier Stokesisrequired.

For example, at Knudsen numbers greater than 0.01, the no-slip boundary condition fails, and higher-level
approximations to the flow boundary conditions are required. Thisisthe slip-flow regime, and is of

interest to MEM S microchannel designers. The conductancein thisregion is modeled by [1]:

YKn=1/L, wherel isthe mean free path of the moleculesin agas.
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Here, K, isthe Knudsen Number, and s,,is the transverse momentum accommaodation coefficient
(TMAC), ameasure of the fraction of transverse momentum exchanged between the gas and thewall in a

collision.

Beyond dip-flow isatransition flow region (Kn > 0.1), where high-order boundary conditions for Navier-
Stokes equations are no longer valid, and Boltzmann transport equation begins to govern the flow. Thisis

the region in which the Nanogate operates.

At very high Knudsen numbers (Kn > 1), the flow is governed by the Boltzmann transport equation.
Various numerical techniques for calculating the flow in this regime have been demonstrated. However,
limited experimental investigations have been performed, due to device constraints. In particular,
experiments involving the flow of gases at atmospheric pressure, through nanometer-sized channels, are of

interest in this case.

The Nanogate enables us to investigate these high Knudsen number flows with an adjustable mechanism.
For example, for nitrogen at STP, the mean free path is approximately 90 nm. For a10 nm dit, Kn=9. For
adit 1000 nm high, Kn=0.09. Therefore, the operating regime of the Nanogate ranges from molecular to
dip-flow.

B. Liquid Flow

Preliminary molecular dynamics (MD) simulations of liquid flow in anarrow channel predict some
nonlinear dependence between channel size and viscosity. For very narrow channels, the viscosity of the
liquid increases substantially. Tabulated below are the results of an MD simulation of liquid Argon at 100K

with afluid film thickness varying between 4 and 12 atoms, confined between a solid Xenon framework.

Viscosity vs. Film Thickness (Atoms)
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Figure 3: Plot of viscosity asa function of film thickness
Clearly, the viscosity increases substantially as the fluid film thickness decreases, although the calculated

results are consistently less than the experimentally determined bulk value of 1.77 x 10 kg/m-s.
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3. DESIGN OF NANOGATE:

Initial Nanogate designs were ill-conceived since they relied heavily on conventional machining and
polishing techniques, making the cost of the first functional prototype prohibitive. Further work applied

mi crofabrication techniques to the manufacture of the Nanogate valve. This proved to be highly effectivein
producing larger quantities of Nanogate valves with greater consistency in the results. Furthermore, the
integration of the actuator (and, ultimately, leak rate sensor and displacement feedback) gives afar more

useful, compact and inexpensive device than previously available.

FEA modeling of the Nanogate structure confirmed that the mechanical transmission ratio will be 20:1,

with a 2.5 micron maximum deflection of the center valve land.

4. FABRICATION PROCESS AND RESULTS

The Nanogate structure was etched on the STS DRIE machine at MIT’ s Microsystems Technol ogy
Laboratory. Two images of the bare silicon etched structure are shown below. The multiple valve landsin

Figure 4 are anticipated to improve sealing and resistance to particul ate contamination.

Figure4: Nanogatevalveland with multiplerings

The flexure attachment shown in Figure 5isintended only for structural support during bonding, and for

electrical grounding after the piezoelectric actuator has been mounted.
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Figure5: Detail of flexure attachment

Selective anodic bonding of the silicon diaphragm and the pyrex substrate has not been completed as of this

writing.
5. CONCLUSIONS

Fabrication of asilicon micromachined Nanogate with piezoel ectric actuation iswell underway. Initial
work with a macroscopic prototype confirmed that the Nanogate principle was viable, and that a Nanogate
structure could seal effectively. Work is progressing rapidly towards testing and characterization of a

micromachined Nanogate.
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