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ABSTRACT

The advent of microelectromechanical systems has enabled dramatic changes in diverse technological areas. In terms of
control and distribution of liquids and gases (microfluidics), MEM S-based devices offer opportunities to achieve increased
performance, and higher levels of functional integration, at lower cost, with decreased size and increased reliability. This
work focuses on recent research and development of high-purity gas distribution and control systems for semiconductor
processing. These systems include the following components, based upon both normally-open and normally-closed
microvalves: pressure-based mass flow controllers;, vacuum leak-rate shut-off valves; and pressure regulators. Advanced
packaging techniques enable these components to be integrated into gas sticks and panels which have small size, corrosion-
resistant wetted materials, small dead volumes, and minimal particle generation. Principles of operation of components and
panels, and performance data at both the component and system level, will be presented. The potential for 10x size
reduction (linear dimension), 2x product yield improvement (through increased reliability, improved flow accuracy and
repeatability, and contamination reduction), and 5x reduction in process gas consumption, will also be addressed.
Particular emphasis on characterization and verification of flow measurements in mass flow controllers (versus NIST
standards), and the flow models used in designing and characterizing these systems, will be made.
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LIST OF VARIABLES

dVE, V,  Volumetric change and initial volume of Fluorinert liquid

b Temperature coefficient of expansion of Fluorinert liquid

Tee, Tin Mean and fill temperatures of Fluorinert liquid

S za Membrane stroke, membrane-to-NO-orifice gap, and membrane radius

h, t Membrane, cavity thickness

P Pressure differential across the membrane

E, m Y oung’s modulus (190,000 MPa) and Poisson’sratio (0.09) for silicon
m Mass flow (usually in sccm, normalized to 273 K and 1 atm)

Power;, Microvalveinlet power (=VI1)

Pin Inlet pressure

Pout Outlet pressure

Py, Psense  Intermediate (pressure sensor) pressure

g Ratio of specific heets, c,/c,
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r Gas or Fluorinert liquid density
D (ord) Orifice diameter

Dy Hydraulic, or effective, diameter of microvalve flow area

A Orifice or microvalve flow area

Cq Orifice or microvalve coefficient of discharge

Crc Fluorinert liquid specific heat capacity

R, Lumped thermal microvalve resistance

Ry, To Microvalve resistor valve R, at temperature Ty, used to determine TCR
TCR Microvalve resistor temperature coefficient of resistance (in WK)

E, u Young's modulus (1.9 x 10** Pa), Poisson ratio (0.09) for silicon

1.0 INTRODUCTION

Gas distribution and control systems for semiconductor processing based on microelectromechanical systems (MEMS) are
comprised of avariety of components. Sensors are used to measure fluid properties such as pressure, temperature, and flow.
Actuators, primarily valves but possibly including pumps and compressors, are used to alter the state of the fluid pressure,
temperature, or flow. Distribution channels, such as orifices and microchannels, carry the fluid from one portion of the
system to another. A crucia aspect is the requirement for systems integration of microfabricated components. Electronics,
control algorithms, materials compatibility in the fluidic wetted path, packaging, and system testing are critical to the
achievement of afully functional system. Fabricating only the micro-components of the system is never sufficient.

Previous work has demonstrated the development of thermopneumatically-actuated microvalves.” Control of gas flow using
other actuation means has been detailed as well.? Control of liquids using microvalves has been explored, including the
integrated mass flow control of gases and liquids in chemical systems® and refrigerant liquids.* Some recent work also
explored mass flow controllers built using microfabrication techniques.® Lately, the incorporation of microfabricated
components into gas control systems for semiconductor processing has begun. Some initial theory and results have been
presented,® and the importance of packaging has been emphasized.’

This work extends the results of previous work.>” X-ray tomographic images of the vacuum leak-rate shut-off valve are
shown. Increased accuracy and resolution of mass flow controllers are presented, along with a more detailed theoretical
foundation for the design and analysis of these devices. A brief review of the various components of MEM S-based gas
distribution systems is first made. Then, the theory and modeling underlying the design and characterization and analysis
of vacuum leak-rate shut-off valves, and mass-flow controllers, are presented. Recent results, especialy in the systems-level
modeling of mass flow controller behavior (as opposed to the component-level modeling of previous work), are given.
Finally, conclusions and expectations for further improvements are made.

2.0 HIERARCHY OF COMPONENT AND SYSTEM TECHNOLOGY

MEM S-based components may be used to create devices with higher levels of functionality, appropriate for use in the
control and distribution of gases for semiconductor device processing. This section outlines these components.

2.1 Normally-closed shut-off valves.

Normally-closed (NC) microvalves are important components of MEM S-based devices such as gas sticks. We have created
NC valve modules which have a wetted path composed entirely of nickel or ceramic (Al,O3), and silicon. These valves aso
have incorporated a proprietary sealing technology, which enables very low leak rates to be obtained.® As with the
normally-open (NO) microvalve used in mass-flow control (MFC) or pressure regulator (PR) modules (see Section 2.4),
wetted surfaces may be coated with SIC or SizN,4, in order to provide materials compatibility in situations where a wetted
silicon surface would be undesirable.

Figure 1 shows a cross-section of this NC, low-leakage shut-off valve. The thermopneumatic actuation principle® is
employed. A silicon cantilever is either fusion- or epoxy-bonded to the boss on the membrane. Under conditions of zero
input power, this cantilever provides the shut-off property by sealing against a low-leakage seat (polished silicon). As



shown, the wetted path is entirely silicon and nickel or ceramic. The microvalve is bonded to the nickel or ceramic using
either a eutectic bond, or a PTFE (Teflon™) based die attach material. An x-ray tomographic image of a finished NC
vacuum leak-rate shut-off microvalve is shown in the lower portion of Figure 1. Note the ‘S -shape of the membrane,
produced by the pull-in force due to the thermopneumatic liquid, and the contact force between the O-ring and the valve
seat. The overall dimensions are 8 mm x 6 mm x 2 mm. Results are given in Section 3.1.
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Figure 1: Upper: Cross-section schematic of a thermopneumatically-actuated, normally-closed, vacuum leak-rate, shut-
off microvalve. Lower: X-ray tomographic image of an actual valve.

2.2 Normally-open proportional control valves.

Normally-open (NO) proportional control valves using thermopneumatic actuation have been reported since 1986.°
Figure 2 shows a cross-section of an NO proportional control valve. The fabrication process has been described elsewhere,!
but relies on both silicon fusion bonding,” and silicon-to-Pyrex anodic bonding.® Since the valve is surface mounted, no
Pyrex is exposed to the fluid traversing the valve. Typical dimensionsare: 6.0 x 6.3 mm? |ateral dimension; 0.8 mm thick
Pyrex; 0.4 mm thick membrane layer, with 50 mm thick membrane; 0.4 mm thick orifice layer; 25-500 um orifice.

The thermopneumatic actuation principle relies on a hermetically sealed cavity, which is filled with Fluorinert™ (FC). The
cavity incorporates a platinum resistor, to provide controlled heat transfer to the FC liquid. The cavity isrigid on five of its
six sides. The sixth side is comprised of a flexible, single-crystal silicon membrane. Heating the FC liquid causes it to
expand. The membrane moves in response to this expansion, and ultimately forms a seal with the valve seat, which is also
comprised of silicon.
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Figure2: Cross-section of a thermopneumatically-actuated, normally-open, proportional control microvalve.

2.3 Sensorsand Flow Distribution Elements.

In creating devices with higher levels of functionality, small (several millimeters square) temperature sensors and
piezoresistive pressure sensors are used to monitor temperature and pressure in the device flow path. These sensors are



commercially available. When incorporated into, for instance, a fina flow control device, the information they provide
becomes the basis for the calibration data (stored on E2PROM) connecting reported flow to measured pressure and
temperature, using the flow models shown in Section 3. It isimportant that sensing occur as close as possible to the flow
point of interest. For instance, in a low-flow MFC, the pressure must be sensed as close as possible to the inlet of the
critical orifice.

The distribution of flow requires careful consideration. Channels in silicon, as well as micromachined orifices (see
Figure 3) and passages through packages and manifolds, must meet the requirements of low or no pressure drop, and
maintenance of laminar or other designed flow conditions, with no impact on system reliability. For purposes of this work,
at the intended fluid working pressures and flows, and using the structures described, these conditions are met easily using
silicon, alumina, or nickel. These materials have very smooth surfaces in terms of particle generation, are reasonably well
matched in terms of coefficient of thermal expansion, and are large compared to most of the hydraulic dimensions in these
devices. An exception occurs for the critical flow orifice described in the next section. This element, along with the
microvalve, has the smallest hydraulic dimension in a pressure-based MFC. As such, it affects the pressure vs. flow
relationship in the system at the most fundamental level.

2.4 Higher-order systems. mass-flow controllersand pressure regulators.

Higher-order systems can be created from these components. For instance, Figure 3 shows a schematic cross-section of a
mass-flow controller. This device has been described in detail elsewhere, and will be reviewed in Section 3. Briefly, it
works according to the following principles. Flow through an orifice which exceeds the speed of sound is called critical
flow, and is described mathematically by an expression which is linearly proportional to the pressure upstream of the
orifice. This relationship enables a model equation to relate MFC flow and pressure sensed upstream of the orifice. This
flow is compared to a set point flow. Depending upon the relationship between measured and set point flows, the valve is
throttled either up or down, to increase or decrease the pressure upstream of the orifice. A pressure regulator is constructed
identically to the MFC, except that the orifice is removed, and closed loop feedback occurs directly between the pressure

sensor and the microvalve, without a flow model as the intermediary.
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Figure 3: Cross-section of a mass flow controller. Not shown are the temperature sensor, second pressure sensor, and
E?PROM. A pressure-regulator is created by removing the critical flow orifice from the device shown here. The silicon
components are mounted onto a substrate comprised of either alumina (ceramic) or nickel.

2.5 Higher-order systems: gas panels.

Higher-order systems can be created from MFCs, PRs, and shut-off valves. In particular, gas ‘sticks', and multiple-channel
gas panels, much smaller than otherwise available, can be made. Figure 4 shows two such integrated gas distribution
systems. The first photo shows a four-channel gas panel. Each channel consists of inlet and outlet shut-off valves, a PR,
and an MFC with a purge line connection (both not shown, on panel back). The panel has an additiona purge line
(accessed by the single shut-off module in the top of the photo). The panel dimensions are approximately 150 mm x 100
mm x 25 mm. The second photo shows a prototype of a revolutionary gas stick. In this example, a single gas control



channel is comprised of inlet and outlet shut-off valves, a purge-line shut-off valve connection, and an MFC. The
components are all mounted on a ceramic manifold. The square microvalve is 6 mm sguare, as areference dimension.
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Figure 4. Photographs of integréiedhgéé distribution A four-channel as panel with a purge line. Right:
A prototype of the next-generation gas stick.

3.0 CALCULATION DETAILS

3.1 Normally-closed shut-off valves.

Figure 5 shows the schematic cross-section of the sealing interface between an elastomer (O-ring) and the polished silicon
valve seat. The sealing force compresses the elastomer, as depicted. Approximately, the leak rate through the elastomer, as
afunction of pressure drop, gas diffusion coefficient k for the elastomer, and O-ring geometry, is:
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Figure5: Schematic of O-ring used in the vacuum leak-rate shut-off valve calculations.

Calculations based on Equation (1) encouraged the design and fabrication of the vacuum leak-rate NC valves. Results from
measurements will be shown in Section 4.

3.2 Normally-open proportional control valves.

Development of afunctional relationship between microvalve signal input, and flow response, is fundamental to most of the
microfluidics devices under consideration in this work. In this section, previous details of such a model between system
inputs and outputs are recapitulated and extended. The goal of a model relating inputs to outputs for thermopneumatically
actuated microvalves must connect input power to output flow, with external temperature and pressure boundary conditions
serving as secondary inputs. For gases, the compressible flow equations for subsonic and sonic flow are given in



Equation (2)."* Sonic flow occurs only rarely in the microvalves used in our gas distribution systems, so that we focus on
the lefthand portion of Equation (2). Based on this subsonic, compressible flow model, we must relate the modeled flow
areato the empirical or effective flow area, which is afunction of the gap between the membrane and the flow inlet.
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Figure 6 shows a schematic representation of this gap z-s. zis the equilibrium distance between the membrane and the flow
inlet, while sis the deflection of the membrane from its equilibrium position, sometime called the stroke. Earlier details of
the NO device behavior may be found."® The behavior of single-crystal silicon membranes has also been described,
providing a relationship between the membrane stroke and the transmembrane pressure, shown in Equation (3). This
pressure is the difference between the pressure in the hermetically sealed, thermopneumatic cavity, and the external
pressure. Simultaneously, the membrane stroke is also related to the mean temperature of the Fluorinert liquid, as shown in
Equation (4). Changes in the volume of this liquid are proportional to the mean liquid temperature in excess of the
temperature at which the cavity isfilled. Volume change must be translated into membrane stroke; Equation (4) gives this
volume-stroke relationship for a circular membrane of radius a. These expressions hold for liquid-only phase in the
thermopneumatic cavity. The effects of liquid-gas phase changes on membrane behavior are given elsewhere.®
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Figure 6: Relationship between the equilibrium membrane-to-inlet distance z and the stroke s.

Extracting the effective diameter (= \/K) for a microvalve, and completing a quantitative model according to Equations
(2), can only be done via experimental characterization of fabricated microvalves. For the types of devices represented by
Figure 2, with or without a membrane boss, Equation (5) holds for subsonic flow conditions, in microvalves with maximum
flows ranging from 1 to 2000 sccm, and with equilibrium gaps z ranging from 10 to 50 pm.
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Figure7: Measured flow versus gap z-s for a normally-open microvalve. The predicted curve differs by less than 2% over

the range of the gap parameter.



Unlike the loss coefficient model for the effective valve area reported earlier,® we have subsequently related this effective
area to the inlet diameter D¢, and the ratio of the equilibrium gap to this inlet diameter. Figure 7 shows an example of
measured flow versus membrane-to-inlet gap z-s. The predicted values using Equation (5) differ from the measured values

by less than 2% over the range of the gap. This measured curve was derived from separately measured flow versus power,

and gap versus power, curves. Note that the function D, ( mIet’DZ_mZ used in Equation (5) also holds for an expression of

sonic flow through a microvalve. This sonic flow expression is given by substituting A in Equation (2b) by Dﬁ. Since they
will vary for other microvalve structures, the functional details of Dy, are not included in this work.
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The response time of a NO microvalve can be estimated using Equatlons (6)-(8). Equation (6) shows a lumped-element,
transient response equation for the NO microvalve system. It assumes all energy is stored in the Fluorinert liquid, and
lumps the effective thermal resistance into a single parameter. In steady-state, this expression reduces to Equation (7a).
The platinum resistor has a well-defined temperature coefficient of resistance. This relationship can be used to relate the
effective thermal resistance of the microvalve, to the power input VI to the microvalve, as shown in Equation (7b).
Together, Equations (7) alow derivation of effective thermal resistance and mean Fluorinert temperature from
measurements of microvalve input power and ambient temperature.

dT. Te-Toe
rVoCrc % = Powerj, - FCTTM (6)
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Tec,ss = Power Ry + Tarpient Rn = (7a,b)

We can then use Equation (4) and Equation (6) together to look at the full transient behawor of the microvalve in going
from an unpowered to a powered state. We can assume all the energy input goes into the FC liquid, and is not lost to the
surroundings, in order to estimate the minimum rise time of the microvalve. Then, the time associated with deflecting the
membrane an amount sis:
rCec

trise,min = b POWGI’ 6p
So, if the thermopneumatic cavity is completely filled with liquid (hydraulically locked), then the Fluorinert liquid's
material parameters, the power input, and the differential volume of the expanded liquid, control fully the estimate of rise
time. For a microvalve with a 50 pm stroke (to close the valve), 2 mm membrane radius, and a power input of 1 W, the
time required to close the valve from its equilibrium position is estimated to be 0.37 sec or greater. This compares well to
observed values ranging from 0.5 to 1.0 sec. Note that Equation (8) also leads readily to estimates of the effect of scaling on
thermopneumatic microvalve response times.

32+ ) (8)

3.3 Sensorsand Flow Distribution Elements.

The flow resolution of a pressure-based MFC depends completely upon the pressure resolution of the pressure sensors, and
the sonic, compressible flow of gas through the orifice. Taking the derivative of Equation (2) creates a relationship between
flow resolution and pressure sensor resolution, for sonic flow through a critical orifice. Figure 8 plots this derivative
expression, as a function of critical orifice diameter, using C4=1. As an example of the use of Figure 8, consider the case
where an available pressure sensor has a resolution of 0.1 psid, and the desired flow resolution is 0.01 sccm. Then the
diameter of the critical orifice must exceed 10 um. So, the orifice size sets not only the gas flow rate, but also the flow
resolution. As is also apparent, the pressure sensors are crucial to the function of pressure-based MFCs and pressure
regulators. Long-term sensor drift must be considered, in order to deliver the highest performance device.
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Figure 8: Pressure resolution required to deliver a given flow resolution, as a function of critical orifice diameter.

3.4 Higher-order systems: mass-flow controllersand pressureregulators.

The compressible gas flow expressions in Equations (2) can be used to represent the critical orifice and microvalve flow
elements of an MFC. In addition, Equations (3), (4), and (7) can be used to derive a relationship between valve input
power, and membrane stroke. Using these expressions together, a model for the flow as a function of the input valve
voltage or power can be constructed. Figure 9 shows a schematic representation of the series combination of an NO
microvalve and a critical orifice (CO) which constitutes the MFC. The inlet and outlet pressures for the MFC are aso
shown. The outlet pressure for the NO microvalve is Py, while the inlet pressure for the CO isaso Py. Theratio of the inlet
and outlet pressures for each flow element determines whether to use the sonic or subsonic expression in Equations (2) to
model the flow through that element. Roughly speaking, if R,/ B, > 2, then the flow through the NO is sonic. Similarly,

if B./Py >2, then the flow through the CO is sonic. This ratio changes, depending upon the gas which acts as the

MFC’s working fluid.™* Once the appropriate flow equation for each device is determined, the two equations are set equal
to each other, and P, is found. This process is shown schematically in Figure 10. In this example, the MFC inlet pressure
is 50 psia, and the outlet pressure is 200 Torr. The CO, being a passive fluidic element, has a single curve, while the NO
microvalve acquires a different characteristic curve, depending upon the position z-s between the membrane and the valve
inlet. The intersection of the two curves, for given values of inlet and outlet pressure, and of zs, is the solution for Py. It
also gives the result for the steady-state flow. Figure 10 also shows how the values of flow and intermediate pressure
decrease, as the value of z-s decreases (or, as the power input to the valve increases). In this modeled example, both the
microvalve and the CO have coefficients of discharge equal to unity. The CO diameter is 16.5 pm. The microvalve has a
gap z of 10 um, and an inlet size of 50 pm.

Figure 11 shows the results of a comparison of this system-level MFC flow model, and an actual MFC. The good
agreement between the two provides a solid foundation for further modeling, research, development, and design efforts.
The parameters for the device are: Cy4 (CO)=0.86; Cy; (NO)=0.76; inlet diameter (NO)=550 pm; inlet diameter
(CO)=90 pm; NO microvave gap z=30 um. Coefficients of discharge were determined by fits to data from comparable,
separate elements. The difference between modeled and measured inlet sizes and gap size were less than five percent.
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Figure 9: Schematic representation of the compressible flow model for the series combination of a normally-open
proportional valve, and a critical orifice.
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Figure 10: Example of the compressible flow model for the MFC.
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Figure 11: Comparison of measurements and modeling of the flow versus valve voltage characteristics for a 200 sccm
MFC.

4.0 RESULTS

4.1 Normally-closed shut-off valves.

Figure 12 shows measured helium leak rates for a set of vacuum leak-rate shut-off NC microvalves, built according to
Figure 1. The sealing material in these devices is Viton; characterization of seals made with other materials, such as Kel-
F™, has also been accomplished. Also shown is data from a standard shut-off valve commonly used in the industry. The
SEMATECH specification for shut-off valves states they must flow less than 10° cc-Helsec after 15 seconds of full-off
actuation. Shut-off valves used at present in the industry reach higher steady-state leak rates than these microvalves, due to
their more permeable sealing materials, smaller compression forces on the sealing surfaces, and larger effective leak cross-
sections. At the same time, the width of their sealing surfaces is greater than in our microvalve, occasionally resulting in
lower metastable values of |eak rate.
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Figure 12: Helium leak rates for vacuum leak-rate shut-off microvalves.
4.2 Normally-open proportional control valves.

Much data of flow versus pressure data has been accumulated, as a function of NO microvalve structural sizes, ambient
temperature and pressure, and valve inlet power. Figure 7 was one example of such measurements. Figure 13 shows a
further comparison of the modeled and measured flow for a NO microvalve. In this case, the measured valve inlet size was
89 um, compared to the modeled 87 um. The measured and modeled gap z at room pressure was 16 um. The coefficient of
discharge is 0.75. Departures of the model and measurements are due to fluctuations in the membrane position caused by
the variation in outlet pressure.”® Similar results have been obtained for microvalves with rated maximum flows of nitrogen
from 10 sccm to 2000 scem, with inlet pressures of 20 psig and a 1 psid pressure drop across the valve.
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Figure 13: Comparison of modeling and measurements of open (unpowered) flow for a NO microvalve.




4.3 Higher-order systems. mass-flow controllersand pressureregulators.

MEM S-based mass flow controllers provide high resolution and accuracy compared to conventional thermal-based mass
flow controllers. For use in semiconductor device processing, such resolution and accuracy are essential to achievement of
high process yields and device reliability. Figure 14 shows the results of measured comparisons between MEM S-based,
pressure-based MFCs, and thermal-based MFCs. The devices shown have a maximum rated flow of 10 sccm of nitrogen.
Similar results have been observed at higher flow rates. The tests were performed according to SEMASPEC #92071221 B-
STD. Measurements were performed on a primary flow standard based on rate-of-rise of pressure measurements.**
Accuracy of better than 1% of reading over a 10:1 dynamic range is the outstanding achievement of these devices. The
resolution of better than 0.5% of reading for a 5:1 dynamic range is aso significant. The success of these devices is
founded on the accuracy, precision, and resolution of readings of pressure in the system. Further improvements are possible
through refinements in the empirical characterization of flow as a function of various applied pressures and ambient
temperature, especially as they impact stress-induced fluctuations in pressure sensor readings.
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Figure 14: Accuracy and resolution (deadband) measurements from a 10 sccm maximum flow rate MFC, compared to
measurements of MFCs from other manufacturers.

5.0 CONCLUSIONS

We have demonstrated the science and technology required to design and fabricate flow distribution and control devices
suitable for the semiconductor processing industry. Components such as pressure-based flow models, critical orifices,
pressure and temperature sensors, normally-open proportional valves, and normally-closed vacuum leak rate shut-off valves,
have developed. The valve actuation is based on previously developed thermopneumatic techniques. These components
have been integrated into shut-off valve, mass flow controller, and pressure regulator modules, which themselves are
combined at a higher level into integrated gas panels. Each integrated device has the benefit of small size, lower cost,
higher resolution, materials compatibility, and lowered defect generation, which are among the attributes of the successful
application of MEM S-based technology. This work has extended earlier work by providing details related to: normally-
closed, vacuum leak rate shut-off valve microstructure; modeling of normally-open microvalve flow versus inlet and outlet
pressure, and input power; system-level modeling of mass flow controller flow versus input power to the normally-open
microvalve; and, additional measurements of mass flow controller accuracy, extending the accuracy limits to less than 0.5
percent of reading over a 10:1 dynamic range.
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