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Abstract

This thesis documents results related to the design, fabrication, and testing of
integrated polysilicon thermistors for microfluidic sensing in experimental investigations
of micro impinging jet cooling and microchannel flow. Such experimental study has
yielded fundamental understanding and practical design guidelines of these two
microfluidic applications. Novel MEMS devices fabricated include temperature imagers,
MEMS nozzles and nozzle arrays, and micro fluidic couplers. A technology for
suspended microchannels with integrated polysilicon thermistors has been developed
and used for microchannel flow study and flow-rate sensing. Theoretical models have
been developed to analyze such micro thermal and fluidic phenomena.

In the micro impinging jet cooling study, a MEMS-based heat transfer
measurement paradigm has been successfully developed for the first time. This includes

technology for MEMS device fabrication, an experimental setup well suited for micro



Xii
scale thermal study, and accurate and efficient data processing techniques. Sensing and
heating are integrated into a single thermal imager chip, which allows temperature
measurement over a large area at very high spatial resolution. The heat transfer data
demonstrate the excellent promise of micro-impinging-jet heat transfer, and provide
useful rules for designing impinging-jet-based micro heat exchangers for IC packages.

In the investigation of micro channel flow, suspended microchannels with
integrated thermistors have successfully been designed and fabricated to study the basic
science of micro-scale channel flow. Considerable discrepancies between existing theory
and experimental data have been observed, and an improved flow model that accounts
for the effects of compressibility, boundary slip, fluid acceleration, non-parabolic fluid
velocity profile and channel-wall bulging has been proposed to address such
discrepancies.

In addition, micro fluidic couplers have been designed and fabricated as the
fluidic interface connection between micro fluidic systems and the external macro
environment. The experiments show that MEMS couplers are capable of handling
pressures as high as 1200 psig.

Finally, this thesis presents the development of liquid flow sensors. Resolution of
0.4 nL/min and a capability of bubble detecting have been demonstrated. A numerical
model is developed to understand device operation and to guide the design process.

Excellent agreement has been found between numerical and experimental results.
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CHAPTER 1

INTRODUCTION TO MEMS AND MEMS

APPLICATIONS IN MICROFLUIDICS

Microfabrication started in the 1950s when the first integrated circuit (IC) was developed,
and its rapid development has significantly changed modern industry and society. While
such technology was focused on IC devices, similar batch fabrication technology, 1i.e.,
micromachining, was applied to mass-produce micro integrated electro-mechanical
devices [1]. In the 1980s, Micro-Electro-Mechanical Systems (MEMS) were developed
by integration of micro devices, including sensors, actuators, and microelectronics, that
are batch fabricated on the same chip using micromachining and IC fabrication processes.
The emerging MEMS technology has had a great impact on many fields including
chemistry, biology, medicine, optics, and engineering. These broad applications imply a
promising future for MEMS to revolutionize the design and fabrication of products in

nearly every category.



1.1 Introduction to Micromachining Technology and MEMS

1.1.1 Introduction

Micromachining refers to the batch fabrication technology of large numbers of three-
dimensional devices that consist of both electrical and mechanical components with
typical sizes ranging from micrometers to millimeters. It originated from microelectronic
fabrication techniques in the early 1970s, and gradually developed into a hybrid
technology highly compatible with IC technology in the 1980s. During the past two
decades, numerous micro electrical and mechanical devices were developed using
micromachining technology, such as pressure sensors [2-5], ink-jet nozzles [6,7],
chromatographic air analyzers [8], thermal sensors [9-12], accelerometers [12-16], and
electrostatic actuators [17, 18].

Starting in the early 1990s, a dramatic increase of government-sponsored research
in micromachining promoted the technological revolution that has brought us fully
integrated Micro-Electro-Mechanical Systems (MEMS). By the integration of
micromachined sensors and actuators with microelectronics fabricated using IC
processing, MEMS makes it possible to realize complete systems-on-chip. Such micro
systems are able to couple the full operation of sensing, information processing and
manipulating actuation to the physical world on a scale that has never been possible
before. The applications of MEMS have aiready had a major impact on many scientific
fields such as biology and chemistry - biochemistry [19-22], optics [23, 24], and almost
every aspect of engineering [25-28]. The constant effort in developing MEMS technology

promises future revolutions in the manufacturing of commercial products {1, 29].



1.1.2 Fabrication Techniques

Generally, micromachining, which is vastly different from conventional machining, has
been regarded as having originated from IC technology. In fact, because of the use of
many of the same microfabrication processes, including photolithography patterning, thin
film deposition, chemical wet etching, and plasma dry etching, micromachining shares
the same virtues as IC technology, i.e., high precision and batch fabrication. However,
there are still many differences between these two technologies. For instance, in
micromachining, selective etching is applied in order to generate 3-D mechanical
structures while in IC fabrication, planar processes are preferred to achieve smaller and
smaller feature sizes of electronic devices on a wafer. Micromachining has been very
useful in many applications because of its possibility of creating 3-D or even freestanding
mechanical structures.

Micromachining generally has been classified into three major groups of
techniques: bulk micromachining [30], surface micromachining [31, 32] and LIGA
Technology [33], that we briefly discuss in the following.

Bulk micromachining refers to the fabrication of 3-D mechanical structures from
a substrate by selectively removing a portion of the substrate material. Although there are
many choices of substrate material and methods of material removal, historically single-
crystalline silicon has been used as the major substrate material, which usually is
selectively removed by chemical etching, either isotropically or anisotropically
depending on the selection of etching chemicals [ 1, 30].

Mixtures with different ratios of hydrofluoric acid, nitric acid, and acetic acid

(HNA) have been the most common aqueous chemical for silicon isotropic etching [1,



34-36], while xenon difluoride (XeF») [37] and bromine trifluoride (BrFs;) [38] have been
used for silicon isotropic dry etching. Isotropic bulk etching is illustrated in Figure 1.1.1
(a). On the other hand, aqueous solutions, such as potassium hydroxide (KOH) [39-42],
ethylene diamine pyrocatechol (EDP) [43, 44], tetramethylammonium hydroxide
(TMAH) {45, 46], and ammonium hydroxide (NH;OH) [47], have been employed for
anisotropic silicon etching. Interestingly, the etching anisotropy exhibited in these
chemical-etching processes is due to the different chemical reactivities of certain crystal
plane of silicon. The etching rates are much faster silicon in the (100) and (110) silicon
crystallographic directions than in the (111) direction. This allows mechanical
components to be designed as the microstructures naturally bounded by {111} crystalline
planes as illustrated in Figures 1.1.1 (b) and (c). Moreover, the etching rate can be
decreased by heavily doping boron into silicon {42, 48] as well as electrochemically
biasing a silicon p-n junction [49]. This adds an additional way of etching control besides
the concentration and temperature of the etching solution. Anisotropic etching has been
applied to fabricate many MEMS devices and structures such as pressure sensors, ink-jet
nozzles, accelerometers, neural probes and wells, microgimbals and suspension for hard

disk drives, flow sensors, fluidic filters and mixers, micro pumps, and air-jet nozzles, etc.
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In addition to chemical etching, plasma-enhanced etching such as plasma etching
[50], reactive ion etching (RIE) [51], and deep reactive ion etching (DRIE), illustrated in
Figure 1.1.1 (d) [52, 53], have been widely applied to bulk silicon etching. Meanwhile,
other physical machining techniques like silicon fusion bonding [54], silicon to glass
anodic bonding [55], electrode discharge machining (EDM) [56, 57], and laser machining
[58], have been introduced to silicon bulk micromachining as well.

Surface micromachining allows the fabrication of microstructures on the
substrate surface. The substrate only provides mechanical support, and can be made up
of silicon, quartz, glass, and even metal. In surface micromachining, a series of thin film
depositions and patterning steps are performed to form microstructures using various
standard methods similar to IC fabrication. As illustrated in Figure 1.1.2, selective
etching is often performed to remove certain sacrificial layers and free other structural
layers by taking advantage of high etching selectivity of the sacrificial layers and
structure layers. In the hydrofluoric acid etching process, silicon dioxide and phosphor
silicate glass (PSG) are popular sacrificial materials, and polycrystalline silicon and low
stress silicon nitride are the commonly used structural materials [11, 15, 17, 18, 31, 32,
59, 60]. Numerous MEMS devises are fabricated using this sacrificial etching technique.
Among them, micro digital mirrors, electrostatic motors, polysilicon resonators,
accelerometers, gyroscopes, microchannels, pressure sensors, and flow sensors are the
representative devices. Occasionally, polycrystalline silicon [61], photoresist [62], and
even electroplated copper [63] has been used as a sacrificial material, with TMAH,

acetone and a mixture of H>SO,, acetic acid and H,O» as the etchant, respectively.
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LIGA technology was introduced to the micromachining community in the late
1980s. This technology involves X-ray lithography and thick electroplating, and it is
useful for some special applications requiring a very fine spatial resolution and high
aspect ratio [29, 30]. However, it is not popular so far due to the requirement for an

expensive X-ray source that needs a high-energy synchrotron.

1.2 Applications of MEMS in Microfluidics

Microfluidics is a multidisciplinary research area involving disciplines such as
engineering, physics, chemistry, biology, and medicine. It has been drawing a
tremendous amount of interest and effort from its beginning because of its wide potential
applications. MEMS technology has greatly accelerated the development of microfluidics
in both device fabrication technology and fundamental investigation methods.
Microfluidic devices started to receive extensive attention since pressure
transducers [2,3,4] and ink jet printing miniature structures [6, 7] were successfully
demonstrated in the 1970s. The subsequent development of microfluidics, including gas
chromatography systems [8], micro cryogenic refrigerators [64], heat sinks for VLSI
[65], and microfluidic amplifiers [66], indicated its huge potential in the future. The
emergence of Micro Electro Mechanical System (MEMS) is the main drive behind the
fast development of microfluidics. Using advanced micromachining fabrication
techniques, numerous microfluidic devices, such as microchannels, valves, flow sensors,
filter and pumps [25, 27], have been created. More complicated microfluidic systems
under development include microfluidic labs-on-chip [67-70] and chemical reaction

systems [71] that consist of many individual single microfluidic devices.



In addition to device fabrication, MEMS technology provides a novel means for
micro flow study. Because of the orders of magnitude of reduction in sizes, the
dominating fundamental principles that govern flow at the micro scale may be different
than those at macro scale. Many assumptions in classic fluid mechanics require re-
examination for validity when applied to microfluidics. For instance, when the
characteristic length scale of the gas flow system is on the same order of magnitude as the
mean free path of gas molecules, the continuum gas flow model may be inappropriate,
and the assumption of zero velocity at walls (non-slip boundary condition) may become
invalid. Many micro gas flow phenomena associated with microchannels have been
observed and studied [72-75]. While tremendous efforts have been focused on micro gas
flow, many issues related to micro liquid flow, such as diffusion and separation [76],
mixing [77], bubble detection [78], and phase transition [79], have been carefully studied
with micromachined devices and systems as well. With the dramatically increasing
demand for microfluidic devices and systems, MEMS technology based micro flow study
is essential for understanding physical governing laws in micro scale and the operational

principles of micro devices.

1.3 Overview of Dissertation

This thesis focuses on the design, fabrication and testing of integrated polysilicon
thermistors for microfluidic sensing, and also documents experimental results related to

MEMS impinging-jet cooling, micro flow sensors, and high-pressure channel flow.



Chapter 2 reports deposition techniques and properties of doped polysilicon, and
then discusses issues related to the design, fabrication and calibration of polysilicon thin
film thermistors.

Chapter 3 describes design and fabrication of MEMS thermal imagers and
nozzles, explains the details of the experimental setup and data processing, and presents
the testing results on MEMS impinging-jet cooling.

Chapter 4 addresses the design and fabrication of freestanding microchannels with
integrated polysilicon thermistors, and presents the experimental results related to high-
pressure flow in microchannel.

Chapter 5 discusses robust microfluidic couplers produced with a high yield and
compatible with existing MEMS fluidic devices.

Chapter 6 presents the results related to the design, fabrication, testing, and
simulation of micro flow sensors that have a resolution up to | nL/min and are capable of
microbubble detection.

The thesis is finally summarized in Chapter 7.

-10-
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CHAPTER 2

DOPED POLYSILICON AS A THERMISTOR

MATERIAL

2.1 Introduction

Thin film polysilicon is a key electronic material in integrated-circuit technology [1,2].
Polysilicon films heavily doped with impurities, such as phosphorus, arsenic, or boron,
offer relatively low resistivities and are commonly used as the gate electrodes and
interconnections in silicon-gate MOS integrated circuit. On the other hand, lightly doped
polysilicon films have high resistivity and are frequently employed for large-resistance
resistors in static memory circuits. Polysilicon can also be used as a semiconductor in
field-effect devices such as thin film transistors (TFT) for flat panel displays [1, 3-8]. In
addition, large-grain polysilicon shows the potential for mass production of low-cost and
high efficiency solar cells [9-14]. Due to many important applications of polysilicon,

extensive research efforts have been devoted to polysilicon thin film formation [15-23],
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impurity doping [24-27], annealing and crystallization [28-34], electrical properties
[24,35-41], and device design and fabrication [1,2, 42-46].

In the 1980s, the emergence of the surface micromachining technology [47] has
provided new application opportunities for polysilicon thin film as a mechanical material.
Freestanding polysilicon beams were first successfully fabricated by etching away
sacrificial layers (e.g., PSG) [48]. By repeatedly invoking this technique, many movable
structures have been created [49]. For instance, electrostatic force has been applied to
drive freestanding movable polysilicon structures. Electrostatic micromotors [50], micro
comb drives [51] and microgrippers [52] are typical examples of micromachined
actuators.

Polysilicon is used in microsensors such as pressure sensors, accelerometers,
gyroscopes, and thermal sensors [53-59]. Among them, thermal sensors have drawn
extensive attention because of their wide range of applications [59-63]. Doped
polysilicon elements have temperature sensitive resistivities that allow for temperature
sensing, which may be used to relate to the fluid flow and heat transfer characteristics.
Such thermal sensors have been developed to measure flow velocity [64, 65], shear stress
[66], flow rates [67,68], thermal effects of channel flow [69,70], and heat transfer
coefficients of micro impinging jets [71]. Since polysilicon technology is compatible with
many fabrication processes of microsystems, thermistors or thermistor arrays can be
easily integrated. This solves the common problems arising from the relative large sizes
of conventional sensors and the difficulties in implementing separate individual sensors.
The fabrication technology and the characteristics of doped polysilicon thin film are

discussed in the following sections.
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2.2 Thin Film Deposition

Low-pressure chemical vapor deposition (LPCVD) [72-74], plasma-enhanced chemical
vapor deposition (PECVD) [75] and sputtering [76,77] have been reported for polysilicon
thin film deposition. Among them, LPCVD is the most common method because of its
uniformity, impurity, and system availability (LPCVD has been widely used in silicon
epitaxy, and other thin film deposition such as silicon nitride and low-temperature oxide
LTO) and high throughput (batch fabrication). The following focuses on LPCVD, which

is used to prepare polysilicon thin films for integrated thermistors used in this work.

2.2.1 Chemical Decomposition of Silane
Polysilicon is generally deposited by the thermal decomposition of silane (SiHy) in the
temperature range 580-650 °C and total pressure range 0.2-1 torr. There are three reaction
sequences involved in the deposition process [74]:
1. SiH4 adsorption:
SiH, + surface site = SiH,; (adsorbed)
2. Decomposition to SiH>:
SiH4 (adsorbed) = SiH» (adsorbed) + H» (gas)
3. SiH, Further Decomposition:
SiH, (adsorbed) =Si (solid) + H» (gas)
Then the overall reaction is generally written as:
SiH4 (adsorbed) = Si (solid) + 2H, (gas)
While 100% pure silane gas has been commonly used in LPCVD polysilicon deposition,

20% to 30% silane diluted in nitrogen or hydrogen is very popular as well.
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FIGURE 2.2.1 Pictures of LPCVD systems in the Caltech Micromachining Laboratory.

2.2.2 LPCVD System for Polysilicon

Figure 2.2.1 shows the LPCVD systems in the Caltech Micromachining Group. There are
three reactors: nitride, polysilicon, and LTO or PSG. Figure 2.2.2 is the illustration of a
tube furnace of LPCVD polysilicon. Inside the tube, wafers are sitting vertically in a
quartz boat and radiantly heated by resistive heating coils which surround the quartz
reaction tube. Siliane is fed into the quartz tube in the front and the byproducts are
pumped out to establish the required deposition pressure. Many pressure meters, mass

flow controllers and valves are included in this system.
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FIGURE 2.2.2 The illustration for a tube furnace of LPCVD polysilicon.

2.2.3 Deposition Parameters

Temperature, pressure, silane concentration, and dopant concentration are the important
process parameters in polysilicon deposition. Wafer spacing and loading size have minor
effects as well [78].

The deposition rate usually follows the Arrhenius Equation [78, 79]:

Ry= Cexp (-qE/kT) (2.1)
where R, is the deposition rate, E, is the activation energy in eV, T is the absolute
temperature in K, C is a constant depending on pressure and concentrations, k is
Boltmann’s constant, and ¢ is the electronic charge.

The temperature dependence is an exponential function of the negative ratio
between the activation energy and the thermal energy because the reaction is a
thermodynamic process. Figure 2.2.3 provides the data of growth rate vs. reciprocal

deposition temperature 1/T for two different conditions [74]. The activation energies
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calculated from the slopes of fitted lines are found to depend on the silane pressure and
range from 1.36 to 1.7 eV. The deposition temperature is usually limited to 580-650°C.
If the temperature is too high, gas phase reactions occur and this leads to rough and
loosely adhering films. On the other hand, if the temperature is below 580°C, the

deposition rate is too low for practical applications (<50 A/min).
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FIGURE 2.2.3 Growth rate vs. 1/T for two different conditions [74].

Varying the silane flow rate, silane concentration, and pumping speed can control
the deposition pressure and hence control the deposition rate. Practically, changing the
pumping speed while fixing silane concentration and flow rate provides the best control
of the deposition pressure and deposition rate. Figure 2.2.4 shows the nonlinear

dependence of polysilicon deposition rate on the silane pressure. This may be due to
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homogeneous reactions, adsorption of hydrogen on the surface site, or transportation

effects [74].
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FIGURE 2.2.4 The effect of silane concentration on the polysilicon deposition rate [74].

The dopant and its gas concentration affect the deposition rate as well. As shown
in Figure 2.2.5, the addition of diborane to the silane during deposition for boron doping
causes dramatic increase in the deposition rate, but the addition of phosphine or arsine to
silane results in significant reduction in the growth rate. Such phenomena may be

attributed to the adsorption of the dopant gas on the substrate [80].
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FIGURE. 2.2.5 The effect of dopants on the polysilicon deposition rate at 610°C [74].

2.2.4 Doping Techniques

In situ doping, diffusion, and ion implantation are three basic techniques to dope
polysilicon with impurities.

In situ doping involves adding dopant gases such as diborane and phosphine to
the silane and combines doping and deposition into one process. The control of film
thickness, dopant uniformity, and deposition rate is extremely complicated because of the
addition of the dopant gases. In addition, in situ doping affects the film structure, such as

grain size and orientation.
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Diffusion doping uses relatively high temperatures to drive dopants into the
polysilicon film from a source such as heavily doped glass that is grown, deposited or
even attached on the polysilicon surface. This high-temperature process can also serve as
an annealing process. Very high concentrations (even above the solid-solubility limit
because of boundary segregation effects) can be introduced into polysilicon films,
resulting in high conductivity. But the surface roughness may increase due to the its high
temperature.

Ion implantation doping involves high-energy dopant ions bombarding the
polysilicon films and subsequent annealing to redistribute and activate the dopants. The
implantation energy is usually chosen so that the maximum distribution of dopants is
located at the center of the film, and the ion implantation current and time are controlled
according the precise required dosage. A typical annealing process is at ~900°C for 30
minutes. But rapid thermal processing (at 1150°C for less than 30 seconds) has also been

used as annealing and activation techniques.

2.3 Material and Electrical Properties

2.3.1 Film Structure and Material Properties

The structure of polysilicon depends very much on the deposition temperature, the type
and concentration of its dopant, and subsequent thermal cycling. Silicon is amorphous if
deposited below 580°C, and the film is polycrystalline if the deposition temperature is
above 580°C. It was found that the grain structure and grain size are highly reproducible
in films crystallized from the amorphous phase, and the average grain size is generally

larger than that in films deposited as polycrystalline directly. In addition, the films in the
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amorphous phase tend to have smoother surfaces even after annealing at 900-1000°C.
This smoother surface is attributed to the slower deposition rate below 580°C of
amorphous silicon. Furthermore, the average grain size has been observed to increase
with film thickness. More interestingly, the resistivity in boron doped films has been
found to increase exponentially as the film thickness decreases.

Inside each grain, atoms are arranged in a periodic structure and behave similar to
single crystal silicon. But there are large numbers of defects due to the incomplete bonds
at the grain boundaries that are formed by disordered atoms. These defects behave as
trapping centers, and the impurity atoms tend to move to and stay at the grain boundaries.
In addition, diffusion constants are much larger in the grain boundary regions than in
single crystal regions. Hence, impurity atoms travel much faster along grain boundaries.

Polycrystalline silicon films have many mechanical material properties close to
those of single crystal silicon. Table 2.1 lists important mechanical properties of both

polycrystalline silicon and single crystal silicon.

TABLE 1 Material properties of polycrystalline and single-crystal silicon [81,82].

Yield Young’s | Density | Specifi Thermal Thermal

Strain Modulus ¢ Heat | Conductivity | Expansion

(%) | (dyne/em?) | g/em’ | (J/g°C) | (W/em°C) | (10°/°C)

Single Crystal | 3.5 1.9x 10"~ 2.3 0.7 1.57 2.3

Polycrystalline | 1.7 1.2x 10" 2.3 0.7 0.32 2.0
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2.3.2 Electrical Properties

Seto developed the first comprehensive theory of carrier transport in polysilicon based on
the trapping model shown in Figure 2.3.1 [35]. In his model, he assumed that the trapping
state are monoenergetic (E() and are located below the intrinsic level while the thermionic
emission (TE) process dominates the carrier transport across the grain-boundary potential
barrier (E;). Based on Seto’s model, many modifications have been made to account for
experimental results. Lu er al. [37] concluded that the carrier transport includes
thermionic field emission through the space-charge potential barrier resulting from
trapping effects (TFE) and through the grain-boundary scattering potential barrier
(TFES), as well as the thermionic emission over these barriers. By assuming a voltage
applied to each grain boundary falls in series across the grain-boundary material, space-
charge potential barrier, and crystal bulk, they derived the resistivity formula of doped

polysilicon [37] as

2w O

* 1/2
_ 2mm 7kT) exp()(l/”5l”)exp(q‘//)/”kT)+PC(1_T_Z) 2.1

Lg~p

r
0

where m* is the effective mass of the carrier, p,, is the carrier concentration at center of a

grain, y is the scattering barrier height, ¢ is the scattering barrier width, V), is the space-
charge potential barrier, w is the space-charge width, and p.is the bulk resistivity of

silicon crystal as shown in Figure 2.3.1. 7, 4 and n are constant slightly larger than or

equal to one. As we can find from Equation 2.1, the doped polysilicon resistivity depends
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on the dopant, doping concentration and the film grain structure, which related to

deposition temperature and annealing temperature.
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(C) ---------------------------------------- E,

FIGURE 2.3.1 An illustration of polysilicon grain boundaries (a) Model for the crystal
structure of polysilicon films. (b) The charge distributions inside the grains and at the
grain boundaries. (¢) Energy band structure for polysilicon. E, is the conduction band, E\

is the valence band, E; is the Fermi level, and Ej is the intrinsic Fermi level.
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The behavior of electrons or holes inside each crystal grain is basically similar to

that in bulk single crystal silicon, and the electrical properties of polysilicon films mainly

depend on their polycrystalline structure and doping.
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FIGURE 2.3.2 Room-temperature resistivity vs. doping concentration of both single

crystal and polycrystalline silicon [35, 79].

As shown in Figure 2.3.2, at the same doping concentrations (<10"®/cm’),

polysilicon exhibits significantly larger resistivity than single crystal silicon.

This is

primarily due to grain boundary effects. First, some dopant atoms (e.g., As and P, but not

B) are trapped and segregated in the grain boundaries, such that they do not effectively
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generate free carriers. The number of dopant atoms inside the grains, where they are able
to contribute free carriers, is reduced, and thus yields a higher resistivity. Second, the
grain boundaries with many incomplete bonds can trap free carriers as well. Such
trapping not only decreases the overall number of effective free carriers inside the grains,
but also creates local potential barriers and depletion regions for the free carriers as
shown in Figure 2.3.1. Hence the resistivity is further increased. Finally, the defects in
the grain boundary lower the free carrier mobility and increase the resistivity.

As doping concentration increase, the boundaries are saturated with impurity
atoms, and more dopant atoms stay inside the single crystal grains to generate a higher
concentration of the free carriers. Moreover, a high concentration of the free carriers
inside the grains reduces the depletion width significantly so that the free carriers are able
to tunnel through, and the resistivity basically depends on the bulk crystal resistivity,
which is usually very small for a high concentration doping. Hence, we can see a sharp
transition region from a high resistivity region to a low resistively region as shown in
Figure 2.3.2.

As we can find from Equation 2.1, the grain structure and size (L) have great
effects on film resistivity. Films with larger grain sizes have proportionally smaller grain
boundary densities, hence less resistivity deviation from that of bulk single-crystal
silicon. Very small grains are easier to fully deplete such that the resistivity increases
dramatically. The significant increase of resistivity in boron doped films as the film

thickness decreases is due to the decrease of the grain sizes.
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2.3.3 Temperature Coefficient of Resistivity

As we can see in Equation 2.1, the resistivity of doped polysilicon is a strong function of
temperature. The temperature coefficient of resistivity (7CR) mainly depends on both
dopant and doping concentration, as well as deposition and annealing temperature. The

effect of the doping concentration is briefly discussed here and other effects can be

founded from the literature [83, 84].

The temperature coefficient of resistivity is defined as

Figure 2.3.3 shows the TCR of boron-doped polysilicon as function of doping

concentration.

FIGURE 2.3.3 Temperature coefficient of resistance for boron-doped LPCVD [83]

polysilicon for T=20 °C as a function of doping concentration.
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As we can see, there are three regions:
(1) TCR < 0 (doping concentration < 10" cm™): The grains are fully (or partially)
depleted, and the resistivity is dominated by the first term in Equation 2.1 so that

we have

_ Qmm*kT)"?

. exp(x'"8""*yexp(qV, / nkT) (2.3)
Lq”p,

r

Substitute Equation 2.3 into 2.3, we obtain

V., Vv
TCR=L— q 17 =_(6] b
2T  nkT- nkT

1 1
y— 24
DT (2.4)

qV .
IT >% and TCR is negative with relative larger magnitudes compared

Usuall
y nk

to boron-dope single crystal silicon.

(2) TCR > 0 (doping concentration < 10* cm™ ): The doping is so heavy that
degeneration happens and the film behaves like a metal film. The resistivity
depends on the scattering effects at the grain boundaries and inside crystal grains.
Such scattering effects increase with increasing temperature, hence the TCR is
positive.

(3) TCR=0 (doping concentration somewhere close to 5 x 10" cm‘3): When the
doping concentration is between 10'° and 10* ¢cm™, both terms in Equation 2.1
are of the same order of magnitude. The effects on both depletion and scattering
exist but act in two oppsite trends, and it is possible to cancel each other to give

zero TCR around the doping concentration at 5 x 10" cm™.
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As one can see in Figure 2.3.3, lowering doping concentration can increase the
temperature sensitivity. But there are problems including nonlinearity, instability and
noise if the doping concentration is too low (<10" cm™) [64, 83]. A tradeoff is usually
needed in order to achieve the best performance. In the meantime, heavily boron doped
polysilicon is often chosen as a sensing material because of its good linearity and
stability. On the other hand, doping concentrations are chosen close to 5 x 10" em™ for
strain gauge material to minimize errors or noise caused by temperature fluctuations of
the environment. This is essential to applications such as polysilicon strain gauges for

pressure sensors, accelerometers, and shock sensors.

2.4 Polysilicon Thin Film Thermistors

Doped polysilicon has been widely used as a material for thermistors because of the
temperature dependence of its resistivity [61-71, 83-84], which can be carefully
calibrated using standard methods. General design, fabrication and calibration of

polysilicon thin film thermistors are discussed in this section.

2.4.1 Design

Typical commercial temperature sensors such as thermocouples, resistive temperature
detectors (RTD) are millimeter scale. Such individual sensors are very difficult to
integrate with the microsystems that have sub-millimeter dimensions. Micromachining
provides the technology to fabricate and integrate thin film polysilicon thermistors with

microelectromechanical systems (MEMS).
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As shown in Figure 2.4.1, polysilicon thermistors can be made from both heavily
and lightly doped polysilicon thin films. The lightly doped sensor can be designed as
small as a few microns square, which is suitable for the measurement of local
temperatures. The zigzag shape of the heavily doped sensor can be arranged to cover a
larger area, which is appropriate for the measurement of average temperatures over
relatively large areas. In many cases, polysilicon sensors are passivated with a dielectric
thin film such as nitride or oxide, and contact holes are opened to expose the heavily
doped leads for metal ohmic contact (usually with Al). The resistance of the sensor is
normally larger than a few hundreds ohms so that the resistance from contacts and leads
can be ignored. In some special cases, such designs are used for both sensing and heating
as well. Many physical parameters (heat transfer coefficient, flow velocity, fluid flow

rate, etc.) are evaluated by measuring the sensor’s temperature and power dissipation.

/ Sensor Leads Metal \
- 40um

(B*: 2x10%%cm™) Pad

Lightly doped Element Heavily doped Element
( B*: 2x10'8¢m) (B*: 2x10%°¢cm™)
KSize: 0.5um x 4um x 4um  Size: 0.5um x 4pum x 2009

FIGURE 2.4.1 Designs of heavily and lightly doped polysilicon thin film thermistors.
Figure 2.4.2 shows two polysilicon thin film heaters for larger area uniform

heating: (a) A heater formed by polysilicon thin film sheet (0.5um thick), and (b) A
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heater formed by many zigzag shaped polysilicon resistors in parallel. Heavily doped
polysilicon (2 x 10°° cm™ for this work) is used to provide low resistance (50 ) for the
heaters so that a high thermal power is generated without using a very high voltage. The
temperature variance across 1 cm x 1 cm is demonstrated to be less that 0.1°C when the

substrate is heated up to more than 80°C.

A Polysilicon Sheet Metal Contacts  Polysilicon Resisters
\‘-,. / \:\‘\ /
\ a |

%\ //
\

\

(a) (b)
FIGURE 2.4.2 Mask design of polysilicon heaters (a) Polysilicon thin film sheet heater.

(b) Parallel polysilicon resister heater.

2.4.2 Fabrication

Figure 2.4.3 shows the typical fabrication process of a polysilicon thin-film sensor
built on a silicon wafer. Starting from a bare silicon wafer, 0.5 um thick thermal oxide is
grown for electrical isolation and then 0.2 um thick low stress LPCVD silicon nitride is
deposited as a passivation layer. A 0.5 um thick LPCVD polysilicon is deposited as the
sensor material, then selectively doped with B* implantation followed by activation

annealing at temperatures between 900 to 1100°C for 30 minutes. After patterning by



RIE, the sensor is protected by the deposition of another layer of 0.2um thick low stress
LPCVD silicon nitride. Finally, the contact area is opened by dry etching such as reactive
ion etching or plasma enhanced etching, and 1 um thick Al is deposited and patterned to

provide leads for the sensor.

Silicon Nitride
-

sio2 — 7

Si
Polysilicon
Si
Al contact ilicon Nitride
Si

FIGURE 2.4.3 Process flow of a polysilicon thin-film thermistor.
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(a) (b)

FIGURE 2.4.4 Pictures of fabricated polysilicon thermistors (a) The picture of sensor
type A with a lightly boron-doped polysilicon sensing element. (b) The picture of sensor

type B with a heavily boron-doped polysilicon sensing zigzag sensing strip.

2.4.3 Calibration

Polysilicon resistivity is usually measured by a four-point probe as shown in Figure 2.4.5.
Four evenly spaced probes are brought into contact with the surface of a polysilicon
sample, then a current / is passed through the outer two probes and potential V' is
measured between two inner probes. The resistivity of the polysilicon sample is

calculated from
\%
P =4.537t (s>>1) (2.5)

where s is the spacing and 7 is the film thickness [85].
Practically, test patterns of polysilicon films are often arranged on the wafers to
monitor the quality and doping concentration of the film by measuring the resistivity of

the samples. Figures 2.4.6 and 2.4.7 shows two typical test patterns used on a wafer.
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FIGURE 2.4.5 The illustration of the four-point probe method.
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FIGURE 2.4.6 The picture of the four-contact method.
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FIGURE 2.4.7 The picture of the Van der Pauw method with a symmetrical sample.

Figure 2.4.8 shows the temperature dependence of resistance and TCR measured
from both lightly (2 x 10" cm™) and heavily (2 x 10 cm™) boron-doped polysilicon test
samples. As we can see, the resistance of heavily boron-doped polysilicon is rather linear
with temperature and the TCR is constant, while the resistance of lightly boron-doped
polysilicon shows non-linear behavior with temperature and the 7CR increases with the
increasing temperature. More comprehensive data of the polysilicon fabricated at the
Caltech Micromachining Laboratory are present in Figure 2.4.9 [86]. They are consistent

with the results available from many published references [24,35-41, 83, and 84].
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FIGURE 2.4.8 Temperature calibration of fabricated polysilicon thin-film thermistors.
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FIGURE 2.4.9 Polysilicon resistivity and temperature coefficient vs. doping

concentration. The polysilicon thin film is fabricated and tested in the Caltech

Micromachining Laboratory [86].

~44 -



2.5 Summary

LPCVD Polysilicon has been widely used in both IC’s and MEMS technology. It is
deposited by thermal decomposition of silane in a low-pressure furnace. Its material and
electrical properties mainly depend on deposition temperature, grain structure, dopant
type and doping concentration. Lightly doped polysilicon has very large resistivity and
large negative TCR, while heavily doped polysilicon exhibits very low resistivity with
positive TCR. For general thermal sensor design, a small square sensing element made
from lightly doped polysilicon can be used for local temperature measurement, and a
zigzag heavily doped polysilicon strip can be designed for sensing average temperature
covering a relatively large area. Finally, boron-doped polysilicon thin films fabricated in
the Caltech Micromachining Laboratory have been tested and the results agree with

published data.
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CHAPTER 3

MEMS IMPINGING-JET COOLING STUDY WITH

TEMPERATURE IMAGERS

3.1 Introduction

3.1.1 Background

The rapid development of very large scale integrated (VLSI) circuit technology has
revolutionized the electronic industry by continuously increasing the density and
operating speed of microelectronic devices. Now, state-of-the-art IC technology achieves
feature sizes smaller than 0.2 micrometers and allows millions of transistors to be
fabricated on a single IC chip. For example, an Intel Pentium III chip has about 20
million transistors and a clock rate up to 1GHz. In fact, under the strong demands of
information technology, the trend of fabricating faster ICs with higher transistor density
has been predicted to continue for another two decades. While the challenges in

microfabrication absorbed much of the attention in manufacture of high-performance IC
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chips, thermal management for IC packages has aiso appeared as an important problem
that needs to be solved. For instance, for the Intel Pentium III, an extra fan cooling
system with a huge size and weight compared to the chip itself is required to keep chip
temperature below the threshold (normally at 75°C) allowed for normal operation of
transistors. Although the power supply of Intel Pentium III has been lowered to 2.5 V, the
maximum power dissipation can be up to 34.5 W with a maximum local power density of
36.4 W/em® [33]. Moreover, projections from current trends suggest that power
dissipation increases with the increases in the number and speed of transistors, and can
reach a density up to 100 W/cm®. Hence, it can be foreseen that chip cooling will be the
bottleneck for the next generation of personal computers. It is apparent that highly
efficient, reliable and low-cost cooling systems need to be developed in order to meet the

requirements of rapid IC technology development.

3.1.2 Overview of Previous Work

Heat transfer in electronic equipment cooling may be categorized as being based on
natural convection, forced convection, and heat transfer with phase change (these basic
heat transfer concepts are explained in 3.2.1).

In the natural convection approach, heat-dissipating components are mounted on a
PCB plate and heat is transferred to the coolant by natural convection, to the plate by
conduction, as well as to the surroundings by radiation. In most cases, the majority of
heat is dissipated by natural convection due to the poor thermal conductivity of the PCB
plate and extremely small amount of radiation at the chip operation temperature. In order

to increase the surface area of free convection, fin arrays (as shown in Figure 3.1.1) made
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from a thermally conductive material are widely used for cooling electronic components

[4].

FIGURE 3.1.1 Shrouded (a) plate and (b) pin fin arrays [4].

In the forced convection approach, a coolant is driven by a pressure generated by
external means, such as a fan or a pump. The heat transfer coefficient is much higher than
that of natural convection due to the higher kinetic motion of thé coolant. Multi-chip
thermal modules with fins are also used to enhance the convection between the electronic
components and the coolant.

As examples, two air-cooled multi-chip modules are shown in Figure 3.1.2. In
the Hitachi silicon-carbide module [11], heat is transferred from each chip through solder
posts to a silicon circuit board, and through a high-thermal-conductivity gold eutectic

bond layer to a SiC heat spreader and then to an aluminum heat sink with longitudinal
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fins. The heat is finally removed by the forced flow of air. In the IBM 4381 module [12],
chips are attached to a multi-layer ceramic by solder posts and to a ceramic cap through a
layer of thermal grease. Most of the heat generated by the chips is transferred to the
ceramic cap directly through the grease or indirectly through the solder bumps and the
substrate. The aluminum heat sink consists of an array of hollow pin fins, which are
cooled by air jet impingement. Compared to the Hitachi module, the IBM module is more

effective for heat removal due to the use of high-velocity impinging air jets.

Air Fiow Longitudinal Fins
oy Silicone
sic "~ L Rubber
Hegt
Spreader %t %”d
(e s o e Frame
':_”f »: - - iy i
/ H \\‘\
Silicon Circunt Mer%ory Solder
Board Chip Posts
{a)
Hollow
Impinging Planar Air Jet Fin Finrs
* I I A e RV T
A |
Al |
Thermal |- — . ; g
Grease — WS - / Ceramic
S . Ca
ATTT T s
A ! ; Soidered
Chip(s})  Soider Mutti - Layer Joint
(6 Posts Ceramic Substrote

FIGURE 3.1.2 Air-cooled, multichip modules: (a) Hitachi silicon carbide module [11],

(b) IBM 4381 jet impingement module [12].
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Cooling effectiveness can be further enhanced by a heat sink incorporated directly
into an integrated circuit [13], which is shown in the Figure 3.1.3. Using silicon
anisotropic wet etching, microchannels were fabricated on the IC substrate. The heat
generated by an individual electronic device is directly removed away by the coolant
through these channels in the substrate. Because of high thermal capacity of the water
and short thermal path, the heat transfer coefficient is more than one order of magnitude

higher than previous two air modules.
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FIGURE 3.1.3 Schematic view of the compact heat sink incorporated into an integrated

circuit chip [13].

Cooling efficiency can be even higher with techniques that are based on heat
transfer with phase change, since a large amount of heat is taken away by coolant
evaporation. In pool boiling heat transfer, a chip surface alteration is applied to reduce or
eliminate the temperature overshooting for chemically inert coolant. Such surface

alteration includes laser-drilled holes at the chip surface, sandblast/KOH treatment,
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electrolytic deposition, and porous metallic coating or even a copper stud attached to the
surface. In forced convection boiling, both boiling and convection (such as
impingement, channel flow, and film falling) contribute to cooling and is extremely
effective. A critical heat flux (CHF) achieved can be up to 100 W/cm® and temperature
overshoots were observed to be negligible [14]. A two-phase thermosyphon with
complete encapsulation has been used for high power components and airborne electronic
packaging [15, 16], as well as densely populated PCBs and chip arrays [17, 18]. Usually,
it creates saturated or subcooled boiling at the surfaces of the electronic components and
condensation within the liquid and/or at an encapsulated cold plate.

As shown in Figure 3.2.4, Simons [19] summarizes the range of heat transfer
coefficients of different cooling methods with various coolants. This data is consistent
with Table 3.1 [4]. As we can see, natural convection is the simplest thermal
management approach, but the corresponding heat transfer coefficients are the lowest. In
particular, the heat transfer coefficient of natural convection by air is only 0.0002 to
0.0025 W/em’K, and is suitable only for the packaging of discrete electronic devices with
low power dissipation. Heat transfer with phase change (i.e., boiling or condensation) is
the most complicated despite being the most effective cooling method with heat transfer
coefficient as high as 10 W/em’K_ It is usually designed for high power components and
densely populated chip arrays with extremely high power dissipation. Forced convection
by air is the most common approach for thermal management. The heat transfer
coefficient is in the range of 0.0025 to 0.025 W/cm’K. Many CPUs and PC boards of

computers are cooled by this approach with fan blowers and metal heat sinks. Carefully
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designed forced convection thermal packaging may have a good balance between the

structural complexity and heat removal capability.
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3.1.3 MEMS Impinging-Jet Cooling - A Novel Approach

Currently, most electronic thermal packages use forced air convection for heat removal.
This is due to the convenience of air as the coolant source, simplicity of the packaging
and single-phase operation, as well as highly reliable thermal management. It is
interesting to note that for a chip under a given heat flux and a maximum allowable chip
temperature increase, the tangential forced-convection heat transfer coefficient, A, is on
the order of 0.001 W/cm’K [4, 20]. This may be insufficient for future requirements of
electronic thermal management and therefore it is necessary to investigate better thermal
cooling methods. For impinging-jet cooling, on the other hand, the heat transfer
coefficient can be one or two orders of magnitude larger, i.e., from 0.0l up to 0.1
W/cm’K [21]. Furthermore, because the thermal conductivity of thin films can be one to
two orders of magnitude lower than the bulk thermal conductivity, IC’s and MEMS will
suffer severe local heating problems even if only a very small amount of power is
dissipated in a thin-film region [14]. Arranging jets impinging directly on the local hot
spots may solve the local heating problem. Thus, impinging-jet cooling is a promising
cooling method with the advantage of single-phase (gas phase) cooling and local cooling.

Impinging-jet cooling experiments reported in the literature to date have mainly
used macro-scale impinging jets. In addition, these works focused largely on turbulent
jets with H/D ratios greater than 1.0, where H is the spacing between the nozzle and
impingement surface (also called the height of the jet) and D the diameter of the jet.
Interestingly, the regime with H/D ratios less than 1.0 can now be studied using MEMS

technology to produce micro-scaled jets. Naturally, a more efficient micro heat exchanger
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may become possible, because micro jets can be placed much closer to the hot surface
than macro jets.

Figure 3.1.5 illustrates the conception of MEMS impinging-jet cooling for
electronics. A high-speed cooling gas directly impinges on the hot surface through a
MEMS nozzle/slot array, and penetrates deep into the boundary layer to form a sharp
temperature gradient. Approximately one nozzle length downstream, the coherent
structures in the jets induce an unsteady separation [15] that has a strong upward motion
to carry the heat away from the surface. The distance between the nozzle plane and the
hot surface is much smaller than that in a macro scale model so that a much higher heat
flux can be achieved. The cooling efficiency can be further improved by direct micro jet
impingement on the local hot spots. Furthermore, MEMS heat exchanger will be
economical due to the mass production capability of MEMS technologies. Finally, this
approach will be easy to implement because only cold air is required, so that technical
difficulties and reliability problems in liquid-phase or multi-phase heat exchanger can be

avoided.
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FIGURE 3.1.5 Conceptual illustration of MEMS impinging jet heat exchanger.
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The characteristics of MEMS impinging-jet cooling have to be studied to develop an
efficient and economical heat exchanger that will meet present and future integrated
circuit microchip cooling requirements. The MEMS-based heat transfer measurement
paradigm (shown in Figure 3.1.6) includes a technology for MEMS device fabrication, an
experimental setup well suited for micro scale thermal study, and an accurate and an
efficient data processing technique. In the technology aspect, we have developed silicon
nozzles and nozzle arrays for jet generation, as well as temperature imagers with
integrated micro heaters and thermistors made of polysilicon thin films (shown in Figure
3.1.6). The heaters have excellent heating uniformity, while the thermistors are very
small in size (4 um x 4 pm), are distributed over a significantly large impingement
surface area and offer good temperature resolution (0.1°C). Due to the integration of the
heaters and sensors, the temperature imagers are highly reliable, and cause virtually no
disturbances to the flow. The small size of temperature sensors enables the temperature
imagers to have unmatched spatial resolution for accurate measurement of microscale
local temperature distributions. This was never possible before with conventional
thermistors, whose large size and demanding assembly requirements only allow for
measurements in an average sense, with limited reliability and possibly significant
disturbances to the jet flow.

In terms of the experimental setup, a vacuum chamber thermally insulated the
backside of the temperature imagers. This thermal insulation was very important for
eliminating the heat loss from the backside to media other than the imager chip, and

insures measurement accuracy. The jet nozzles and imager chip were placed inside a
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metal enclosure to eliminate disturbances to the jet flow. As for the data processing
technique, we determined the axisymmetric temperature distribution on the front side of
the temperature imager due to single-jet impingement by performing a spline-based least-
squares curve fitting. The front side temperature distribution (for both single- and array-
jet impingement) and backside uniform heating were used as input for finite element
analysis to compute the heat transfer coefficient, which is the most important heat

transfer data for micro impinging jets.

/ Compressed Air \
? Integrated
o
MEMS Nozzle % g Poly-Si Thermistors
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FIGURE 3.1.6 The MEMS-based heat transfer measurement paradigm.
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3.2 Basics of Impinging-Jet Cooling

In many impinging-jet cooling systems, heat is taken away through a fluid that impinges
directly upon a hot surface from nozzles or nozzle arrays. The impinging flow generates
a very thin boundary layer near the impingement center and provides high local heat
transfer coefficients [1-4]. By directing impinging jets to the especially hot regions where
the maximum cooling is needed, the cooling efficiency is greatly enhanced. In fact,
impinging jets have been widely used in the cooling of electric components, turbine
engines, and dicing blades. Suitable design for such practical applications requires the
knowledge of impinging-jet heat and mass transfer. Usually, the transfer characteristics
depend on nozzle geometry, nozzle spacing, nozzle-to-target distance, and exhaust

locations.

3.2.1 Basic Concepts

Impinging-jet heat transfer is closely related to fluid flow characteristics, which generally
has been classified into laminar, turbulent, and transition flow regimes. In laminar flow,
fluid motion is highly ordered and smooth, and it is possible to identify streamlines of the
flow. The agitation of fluid particles is of molecular nature only, and the flow is stable. In
turbulent flow, fluid motion is highly irregular, and the fluid particles slide past and
collide with other particles. The flow is characterized by rapid and continuous mixing and
velocity fluctuations of the fluid. Such mixing and fluctuations greatly enhance transfer
momentum and energy so that the heat transfer coefficient in turbulent flow is much
higher than that in laminar flow. The flow that is in development from laminar flow to

turbulent flow is transition flow.
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The Reynolds number, a dimensionless parameter that generally measures the

ratio of fluid inertial viscous forces, is defined by

Re=— (3.6)

where u is the characteristic velocity, L is the characteristic length, and v is the kinematic
viscosity of the fluid. This parameter is commonly used to identify the appropriate flow
regimes. For instance, any fluid flow in cylindrical pipes will be laminar if the Reynolds
number is less than 2100 and turbulent if the Reynolds number is larger than 4000.

The notion of boundary layers is an important tool for flow analysis. As shown in
Figure 3.2.1, as fluid passes over a solid surface, the fluid particles that are in contact
with the surface are brought to rest. Away from the surface, the velocities of fluid
particles increase with increasing the distance from the surface until reaching the free
stream velocity. Such a layer of slower moving fluid close to the solid surface is known
as a velocity boundary layer. The thickness of the layer typically refers to the distance

from the surface where the local velocity is 99% of the free stream velocity.

Velocity Boundary layer

Velocity Boundary layer e

——
—
—

FIGURE 3.2.1 An illustration of convection velocity and thermal boundary layers.
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If the free stream temperature is different from the temperature of the surface,
convection heat transfer occurs, and the fluid temperature varies from the surface
temperature (7,) on the surface to the free stream temperature far enough from the
surface. The thin layer of temperature transition is known as a heat boundary layer.
Similar to the case of velocity boundary layers, the thickness of thermal boundary layer
typically refers to the distance from the surface to the point where the local fluid
temperature 7T satisfies the following equation,

T,-T

=0.99 (3.3)

s foo
At the solid surface, there is no fluid motion and the heat transfer occurs by

thermal conduction, which can be expressed as

q, =—k, — (3.4

where k; is the fluid thermal conductivity. Conduction can be viewed as the transfer of
energy from more energetic (at a higher temperature) to less energetic (at a lower
temperature) particles of a substance due to interaction between the particles, i.e.,
diffusion of energy.

Away from the solid surface, heat transfer is due to a superposition of energy
transport by the random motion of the molecules (energy diffusion) and by bulk motion
of the fluid. Such heat transfer between a fluid flow and a solid surface when they are at
different temperatures is thermal convection (shown in Figure 3.1.2), and is of the form

q" =hnT,-T,) (3.2)
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where ¢” is the convective heat flux, 7, is the temperature of solid surface, and T, is the

fluid temperature. Table 2 lists the typical values of the convection heat transfer

coefficient.

TABLE 2 Typical ranges of the convection heat transfer coefficient [4].

h

Process (W/cm?eK)

Free convection
0.0002 - 0.0025

Gases

Liquids 0.005 - 0.1
Forced convection

Gases 0.0025 - 0.0250

Liquids 0.005 -2.0
Convection with phase change

Boiling or condensation 0.025- 10

In the thermal boundary layer, the heat transfer by conduction is equal to the heat

transfer by the flow convection. By combining Equation 3.2 and 3.4, we then obtain
h=—kp— " 3.5
7 (3.5)

So the behavior of the thermal boundary layers, which strongly influences the surface

temperature gradient 9T/ 8y| =0 determines the heat transfer rate through the boundary

layers. When the thickness of the thermal boundary layer decrease, the magnitude of the
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surface temperature gradient 07T/ By] =0 generally increases, hence convective heat

transfer increases. This is the basic principle of heat transfer enhancement by fluid
impingement.

In addition to heat transfer coefficient (i.e., /h), the Nusselt number, a
dimensionaless parameter measuring the ratio between the heat transfer rates by
convection and by conduction, is often used for the analysis of convection heat transfer.

It is defined as

Nu=-—= (3.9

I is the convection heat transfer coefficient, L is the characteristic length, and k; is the
thermal conductivity of the fluid. Usually the Nusselt number is much larger than 1 since
conduction is smaller than convection. For the same fluid, the larger the Nusselt number,

the larger the convection heat transfer rate.

3.2.2 Flow Characteristics of Impinging Jets

For an air jet impinging perpendicularly upon a flat surface, the flow pattern of a single

nozzle can be divided into four characteristic regions as shown in Figure 3.2.2 [1, 2}:

(1) Potential core region: the part of flow where the axial velocity remains almost
equal to the nozzle exit velocity. The boundary of the potential core region is
commonly defined as the area where the fluid speed is equal to 95% of exit
velocity. Because the fluid from the surroundings is mixed into the jet, the region

reduces with the increasing distance from the nozzle exit plane, and eventually
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(2)

4)

shrinks to a point. The length of this potential core region is determined by the
growth rate of layers, and is about five or six times the nozzle diameters

according to a survey that covers a large range of Reynolds numbers [5].

Free jet region: the part of developing flow where the axial velocity decays and
the jet spreads to the surroundings. Eventually, lateral profiles of the axial
velocity approach a bell shape. In the fully developed free jet region, similar axial

velocity profiles exist at different jet lengths.

Stagnation flow region: this flow region is characterized by an increased static
pressure as a result of the sharp decrease in mean axial velocity. Upon
impingement, the flow deflects and starts to accelerate along the impingement
surface. At this location, the vertical jet velocity component is decelerated and
transformed into an accelerated horizontal component, also known as the wall
bounded flow. Measurements show that this region extends about 2D from the
impingement center along the plate surface [6] and 1.2D from the plate surface

[7]. Here D is the nozzle diameter shown in Figure 3.2.2.

Wall jet region: near the beginning of this region, the local transverse velocity
rises very quickly to a maximum, and then falls with increasing the transverse
distance. The wall jet flow usually has higher heat transfer rates than parallel flow
due to the turbulence generated by the shear between the wall jet and the

surrounding air that reduces the boundary layer at the impingement surface. In
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this region, the boundary layer grows along the impingement surface and the heat

transfer decreases.
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FIGURE 3.2.2 Flow regions in a confined macro impinging jet [1, 2].

3.2.3 Heat Transfer Characteristics of Impinging Jets
As shown in Figure 3.2.2, assume the gas jet exits a round nozzle with a uniform velocity
u; and temperature 7, that is equal to the ambient temperature T,,. Convective heat

transfer occurs on the impingement surface if the surface temperature is different from
the ambient temperature. The non-uniform flow characteristics of impingement result in

non-uniform distributions of the surface temperature T, (r), heat flux q"(r) and heat

-74 -



transfer coefficient A(r). According to Newton’s law of cooling, the convection heat

transfer coefficient follows

=_M_ 310
=0 (3.10)

In the impinging jet flow, the characteristic length is taken to be the hydraulic diameter of
the nozzle, in particular the diameter of the nozzle D if the shape is circular. Hence the

Reynolds number and the local Nusselt number are given respectively by

u.D
Re, = (3.10)
1%
Nu(ry =P (3.12)
kg

The average Nusselt number Nu may be obtained by integration of the local result over

the appropriate surface area A as

Ny =D (3.13)
ky
[hdA
where h=4 (3.14)
A

In 1977, H. Martin reviewed impinging gas jets with extensive data of heat
transfer coefficients [1]. For a single round or slot nozzle under large nozzle-to-plate
separations (H / D > 5), the local Nusselt number distribution is characterized by a bell-
shaped curve for which Nu monotonically drops from a maximum at the stagnation point,
r/D = 0, as shown in Figure 3.2.3 (a). For small separations ( H /D <5), the distribution
is characterized by a 2" maximum, which increases with increasing Rej and may exceed

the 1 maximum. The threshold separation at H / D = 5 is most likely related to the
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length of the potential core of the impinging jet shown in Figure 3.2.3 (b). The
appearance of the 2" maximum is caused by a rapid rise in the turbulent level in the
transition from an accelerating stagnation region flow to a decelerating wall jet flow [1].
Additional maxima have been observed and associated with the formation of the vortices
in the stagnation zone [8], and the transition to a turbulent wall jet [9], as well as the
adjoining wall jet regions of jet arrays [1, 10].

Generally, the heat transfer correlations of impinging jets have the form of

Nu(r)= f(Re,Pr,r/D,H /D) (3.15)

Nu= f(Re,Pr,r/D,H /D) (3.16)
Empirical data and analytic functions of the Nusselt numbers for both single jets and jet

arrays have been given in several extensive review articles [1, 2, 3, 4].

Nu
Nu

H/D >5 H/D <5

R/D R/D

(a) (b)
FIGURE 3.2.3 Distribution of local Nu number associated with a single round or slot jet

nozzle for (a) large and (b) small relative nozzle-to-plate spacing.
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3.3 MEMS Jet-Cooling Study with Silicon Temperature

Imager

An experimental study of MEMS impinging-jet cooling with a silicon temperature
imager is presented in this section. Using a specially designed experimental setup, the
cooling effect of MEMS impinging single jet and array jets has been tested under various
driving pressures and spacings between the nozzle exit surface and impingement surface.
The 2-D temperature distributions on the impingement surface have been obtained with
the silicon temperature imager. The heat transfer analysis includes cooling efficiency,

driving pressure, and cooling uniformity.

3.3.1 Design and Fabrication of Devices

I. Silicon Temperature Imager

A temperature imager or sensor-array chip, shown in Figure 3.3.1, was fabricated in order
to serve as a test target for the impinging jets. This 2 cm x 2 c¢m chip has an integrated
polysilicon heater on the backside and an 8x8 array of temperature sensors on the front
side. The 64 thermistor-type polysilicon sensors, each 4 um x 4 um, are 500 wm apart
and are placed in a 4 mm x 4 mm area at the center of the top surface shown in Figure
3.3.2. These polysilicon temperature sensors have a nominal room-temperature resistance

of about 20 k€2 and a temperature resolution of 0.1°C.
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Bonding wires Temperature imager PC board

FIGURE 3.3.1 A silicon temperature imager bonded on a PC board.

0.5mm

Sensor location

FIGURE 3.3.2 Temperature sensor arrangement of the silicon temperature imager.

The fabrication process of the sensor chip is given in Figure 3.3.3. Starting with
bare <100> silicon, a 5000 A thick layer of dry thermal oxide and a 2000 A thick layer of
LPCVD nitride are deposited. Then 5000 A of LPCVD polysilicon is deposited for the
sensors and doped with boron to a concentration of 5 x 10'® cm™. The sensors are then
encased in another 2000 A thick nitride layer that electrically isolates and protects the
sensors.  Finally contact holes are opened in the nitride by RIE and aluminum

metalization finishes the sensor process. Here, the backside heater is fabricated similarly,
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with the only differences in masking and the backside polysilicon doping, i.e., heavily

boron doped at 5 x 10% cm™.
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Patterning
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Poly-Si

Heating Elements
Metal Contacts
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8. Metalization
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Metal Contacts

FIGURE 3.3.3 Process flow of silicon temperature imager.
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FIGURE 3.3.4 Calibration curves of the sensors on a silicon temperature imager.
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Figure 3.3.4 shows preliminary calibration of 16 randomly selected sensors on the
chip. Due to non-uniformities in the ion implantation or over etching of some sensors,
the room temperature resistance ranges from approximately 12 k€ to 28 k€2 at room

temperature. Thus every sensor must be calibrated individually in an isothermal oven.

II. MEMS Nozzles

Precisely formed nozzles with exit diameters in the range from 1 um to 500 pm are not
commercially available. In addition, glass pipettes and plastic tubing cannot be formed to
the exact contours necessary for them to act as contraction region for sonic nozzles. This
leaves MEMS as the leading technology candidate for the fabrication of micro nozzles.

The following outlines the design and fabrication steps of micro nozzles.

MEMS Single Nozzle

MEMS single nozzles shown in Figure 3.3.5 have been fabricated. The fabrication
process, illustrated in Figure 3.3.6, begins with a nitride layer deposited on both sides of a
bare <100> Si wafer. Etch holes are patterned and opened in the backside nitride using
RIE, and the 500 um thick wafer is then anisotropically etched in KOH. An RIE etch is
used to open a circular nozzle pattern on the front side nitride. This process is used to
produce circular single jets with inlet diameters of 1.5 mm and outlet diameters ranging

from 0.5 mm to 1.5 mm.
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1. Silicon Nitride Deposition
2. Backside Window Opening

3. Etch through Wafer by KOH

4. Nozzle Opening on Si Membrane

FIGURE 3.3.5 Prototype MEMS nozzle.  FIGURE 3.3.6 Nozzle fabrication process.

MEMS Nozzle and Slot Arrays

MEMS nozzle and slot arrays have also been fabricated. These arrays are made by
bonding two separate chips together using silicon fusion bonding technology. Figure
3.3.7 shows the finished nozzle and slot arrays. In the figure, the circular nozzles are 1
mm in diameter, and the slots are | mm wide and 8 mm long. Rows of nozzles/slots are

spaced 2.5 mm apart from center to center. The entire structure is approximately Imm

thick.

Inlets

(a) (b)
Figure 3.3.7 Micromachined (a) nozzle and (b) slot arrays.
The fabrication process of both chips is shown in Figure 3.3.8. The wafer on the

left defines the nozzles/slots and the wafer on the right defines the gas inlets. The two
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pieces are fabricated with the same process. Starting with <100> Si wafers, openings for
the nozzles/slots are first etched in KOH. Then a 5000 A thick thermal oxide is grown on
both sides over the openings as a protective layer. Etching windows are then opened in
the oxide, and followed by KOH through-wafer etching. After dicing, the thermal oxide
is removed using BHF. To make a final array chip, a pair of matching chips are then
aligned and fusion bonded. Finally, the bonded array chip is coated with a 4-pum-thick
layer of Parylene. This Parylene layer serves two purposes. One is to seal any unbonded

surfaces, and the other is to increase thermal insulation from ambient.

1. Gas Inlet and Outlet Patterning

2. Growth of Thermal Oxide
3. Windows Opening for KOH

Thermal ‘Oxide

4. Wet Etch by KOH

Parylene

7. Parylene Coating

FIGURE 3.3.8 MEMS jet array process flow.
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3.3.2 Instrumentation

I. Experimental Setup

The experimental setup is illustrated in Figure 3.3.9. The chip is mounted on a Plexiglas
chuck for thermal isolation. The backside polysilicon heater has a nominal resistance of
55 Q, and by varying the input voltage, we have a precisely controllable heat source
using the Joule heating of this resistor. Most tests are conducted with approximately 1W
of power. As shown, vacuum is always present on the backside of the chip to prevent
backside heat loss. This is important because it is desirable to have all the heat transferred
to the top surface. Above the sensor chip, filtered air is applied to drive an impinging-jet
nozzle or array chip, which is then held above the sensor chip by an aluminum L-block
that is attached to a 3-axis micro-positioner (Figure 3.3.10). The inlet air/gas system has

sensors and valves to monitor and control the inlet pressure and the mass flow rate.

/ Compressed Air

.

Data X
Acquisition Sensor 3D stage

System

v -0 +
[ PC eater Y )

Vacuum |
]

To
Vacuum Pump

FIGURE 3.3.9 The illustration of experimental setup.
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Each sensor on the chip is wire bonded to the leads on a PCB mounted on the top
surface of the Plexiglas chuck. The PCB is connected to an HP 34970A data acquisition
system that has been set up to measure resistance. An environmental chamber is used to
obtain sensor temperature calibration curves (second-order polynomial) used for data

processing. These sensors are calibrated from room temperature to 80 °C.

Vacuum Chuck 3D stage

MEMS
ozzle

Sensor

Chip
~ PC
Board

FIGURE 3.3.10 Pictures of the experimental setup.
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II. Constant Current Circuit for the Silicon Temperature Imager

Figure 3.3.11 shows the circuit for the silicon temperature imager. The voltage divider on
the left side sets the base bias voltage for the transistors. The voltage follower (Op-Amp)
is used to buffer the rest of the circuit, from which the constant current is provided. The
output of the operational amplifier can supply a very stable voltage regardless of changes
in load (sensor resistance >> Z,,;,;)- The voltage across the emitter resistor and the base-
emitter line of every PNP-transistor thus stays constant. If the base-emitter voltage (Var)
is assumed to be constant (Vg =0.6V), the voltage across the emitter resistor is also
constant. This provides a constant emitter current (/) and, by neglecting the little base

current (/p), it also provides a constant load current (/¢).

Constant current circuit

+15V E .
I's +158Y
i " |
}{1 21 8k ( = ‘u A0k RS rS:lUl RE JdUh
N |
| {
- |
= R3 N Q2 1'79071« | Q2N2307A | Q2ZN2907A
Vhase A
oy [ | e
Vhase €3] ’ta;u S| 5 Vhase
. - a 4 Q3
{3 [
: RI < i i i 2 am
< { {F\al‘ (=1} Qf‘ 20k RO ;~ 20k
<4 L i
\,‘O ?J :’ '\/a

FIGURE 3.3.11 The constant circuit used in the silicon temperature imager.
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With this circuit all the nodes can share a common potential. Another advantage is
that the potentiometer, needed to adjust the current I¢, is used only once which decreases
calibration effort.

To provide a current /;=20uA, the voltage across the emitter resistor (Vgg) is
chosen to be about 7V. This will provide a very stable current (the higher this voltage, the
more stable the load current). To maintain the required value of /p=20uA, the value for
the emitter resistor (Rg) (e.g., Ry in Figure 3.3.11) is calculated to be

Ves 7 — =350k
I, 20-10°

By using two resistors in parallel (1 M€ and 500 k€2), the overall resistor value of
Rp=333.3k( is obtained. The actual voltage Vi calculates to be
V,=+15V—R, -1, =15-333.3-10"-20-10"° =8.3V
As mentioned earlier, the base voltage can be calculated to be
V, =V, -0.6=83-0.6=7.7V

The values of the resistors for the voltage divider are calculated to be
R=R,=68k(2. The potentiometer (POT-R3) is chosen to be 10k€2. Thus the requested
value of Vj is within the adjusting range of R;.

Since there is a rather large number of channels (64) driven by one voltage
follower, the issue of achievable output current has to be discussed: One OpAmp output
can sink a maximum output-current of about 20mA. If there is a load with very high
resistance, the transistor will operate in the saturation region, meaning that the emitter-
collector voltage (Vgc) is lower than about 0.3V. In this operation mode, the base current

can no longer be neglected. If even the load resistance is infinite, i.e., no sensor is
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connected to the transistor, the base current becomes equal to the emitter current: Ig=Ig. If
too many of the sensor- collector junctions are left open, the OpAmp will no longer
provide the stable voltage. The base voltage will drop, and the output current will no
longer remain constant. In order to avoid this situation, one operation amplifier is used
for at most 10 sensors (Figure 3.3.12). With this design, such improper operation will not

occur.

FIGURE 3.3.12 The picture of the constant circuit used in the silicon temperature

imager.

III. HP 34970A Data Acquisition System

A HP34970A data acquisition/switch unit was used to sample experimental data for the
sensors on a temperature imager. Along with three HP 34901A channel multiplexers, it
can scan as many as 60 channels. Using the HP BenchLink Data Logger software, a PC
will control the HP data acquisition system and store sampled data into its hard disk. The
system can be configured to measure voltage, current and resistance. It has a 6.5-digit

(22bits) DMM and 0.01% basic 1-year accuracy.
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3.3.3 Test Results and Discussion
A single glass nozzle, a MEMS single nozzle, a MEMS nozzle array and a MEMS slot
array were tested over a range of height from 100 um to 3000 um and a pressure range

from 0.5psi to Spsi.

L Temperature Distribution Measurement

The temperature sensors measure the temperatures shown in Figure 3.3.13. These
sample-point temperatures are input to the Surface Mapping System from Golden
Software, Inc., to plot the temperature distribution over the impingement surface (4 mm x
4 mm). Figure 3.3.2 is a sample temperature distribution taken with a silicon target chip.
The MEMS jet is 500 um in diameter and 750 pum above the target surface. The inlet
pressure is 5 psig and there is a controlled heat flux of 1.12 W into the entire 4 cm’ area

of the silicon target chip.

750 um height

FIGURE 3.3.13 A sample of the surface temperature profile.
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(b) Jet at center

(c) Jet on the right
FIGURE 3.3.14 Contour temperature plots indicating that the sensor image correctly

identifies and tracks an impinging jet.
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As we can see from the figure, the coolest center region corresponds to the
stagnation region right under the nozzle. In addition, the temperature gradient on the right
is larger than that on the left. This is because the impinging jet was tilted to the left,
instead being normal to the surface. Furthermore, instead of being circular or elliptical,
the isothermal profile shows a certain degree of squareness, and this can be explained by
the effect of the square nozzle surface.

Temperature distribution measurements must be performed first to confirm the
functionality of the sensor chip by using a MEMS single jet which is 750 um away from
the sensor chip and driven by 2 psig compressed air. Figure 3.3.13 shows some typical
data imaged in this fashion. The sensor chip must be able to identify and track the jet as it

is moved around as in Figure 3.3.14. Otherwise, the chip does not function properly.

I1. Single Impinging-Jet Cooling

Figure 3.3.15 is a composite of the sensor chip temperature profiles constructed from
instantaneous sensor array data for each of the three cases. First, the temperature profile,
shown as the bottom plane, was measured at room temperature without any heating and
cooling. The uniformity (0.1 °C) of the measured temperatures from time to time shows
good system reliability. The top plane is the temperature profile measured with 1.12 W
applied via the backside heaters and no cooling on the frontside. The uniform temperature
implies heat was evenly generated by the MEMS heater across the chip. The middle
plane is the temperature profile under cooling by a 500 um diameter MEMS nozzle
which is 750 um above the surface and driven by 5 psi compressed air. A large total

temperature drop (>35 °C) after the applied cooling shows the high cooling effectiveness
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by an impinging jet. A small temperature variation across the sensing area implies a
large effective cooling area, enough to cause a measureable temperature profile even

considering the large thermal conductivity of silicon.

w/o cooling (>70 °C)

80
70
60
Cooling w/ MEMS jet: (~35 °C)
50 | D=500um, H=750uum, Pin=5psig
40
30 Room temperature (24~25 °C)
| ~ 750
20 4+— '
o
Te)
~

FIGURE 3.3.15 Composite illustration shows the effectiveness of impinging jet cooling.

Figures 3.3.16 and 3.3.17 show the average temperature vs. spacing between a jet
and the sensor chip at different air pressure conditions. The backside heater powered by
8V gave about 1.12W of heat generation. The surface temperature distribution due to the
free jet at various heights is relatively stable. This is due to the fact that the free jet can
easily entrain local cold air and circulate it over the heated test chip. In the case of the
MEMS jet, it is more of a confined jet situation [3, 26-28]. Since the MEMS jet is a hole
fabricated into an approximately 4 mm by 4 mm silicon chip, at heights less than 1mm

the top wall combines with the bottom sensor chip to produce a channel flow effect. This
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reduces the volume of cold air available next to the MEMS nozzle to be entrained and
circulated past the heated bottom chip. This leads to a higher measured surface
temperature for similar height and pressure conditions when compared to the free jet.
However, at larger heights, this confined flow effect is greatly reduced and the MEMS jet
cooling effectiveness is comparable to the free jet, as evident from the heat transfer
coefficients calculated in Figure 3.3.17 for the MEMS jet. The heat transfer coefficient
for the free jet is approximately constant at 0.032 W/cm’K at 5 psi and 0.025W/cm’K at 3
psi. Thus the MEMS jet (with an approximately 16 mm’ chip area) has similar cooling
characteristics to a free jet when the H/D ratio is greater than 3. Comparison of Reynolds
numbers indicates the observed results agree with the expected flow regime. The
Reynolds number for H/D less than 1/2 for the MEMS jet should scale with the height
since it is now the minimum opening in the system. These yield values of Re as low as
1300, which is in the lower end of the transition region near laminar flow [2], which is
known to have poorer heat transfer qualities than turbulent flow.

Jet cooling efficiency, defined as heat transfer coefficient normalized by the
Kinetic energy of the impinging gas, has been calculated and plotted in Figure 3.3.18 and
3.3.19 for the single free jet and MEMS jet respectively. For both types of jet, a low gas
driving pressure gives a high cooling efficiency. This gives us a practical guide for
cooling system design: Low gas pressure is preferred if the gas source and power
limitation is the constraint. Otherwise, high pressure and high-speed jets can be used to

achieve low surface temperature.
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III.  Jet-Array Cooling
Preliminary data images with a nozzle array and slot array are presented in Figures 3.3.20
and 3.3.21. Although the temperature images are not as simple as the image of a single jet

because of the more complicated gas flow pattern, the temperature distribution is more

uniform than any single jet.

0000 -500 00

FIGURE 3.3.20 Temperature distribution recorded from a nozzle array at 500 pm

height, Pin = 0.5 psig, and powerin = 1.12 W.
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FIGURE 3.3.21 Slot array temperature distribution at height = 1000 um, Pin = 1 psig,

and an input power of 1.12 W.
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There seems only one major minimum in temperature. This is due to the fact that
the 2-mm gas inlet on the backside of the chip is centered only over the center exit jet in
each row. Since there is only 1 temperature sensor every 500 um, we do not have enough
spatial resolution so most of the exit flow from the two center jets appears as a single
larger elliptical impingement region.

The slot nozzle data in Figure 3.3.21 also indicates peculiarities in the prototype
nozzle design. It seems that the inlets are acting as nozzles and the slots serve to confine
the flow along the slot direction. According to turbulent impinging jet theory, boundary
layer flow separation and recirculation can occur 2 nozzle diameters down from the
centerline inlet [23]. This region can give rise to secondary maximums in heat transfer
[4] and corresponds to the smaller cool regions. The lack of symmetry in the secondary
cooling peak can be explained by the fact that the inlet is not precisely aligned with the
exit slots, so the jet from the inlet is deflected, creating an oblique exit jet which is then
confined by the slot. Hence there should be local secondary minimums on the left side,
but they appear to be on the low momentum side of the oblique jet so separation occurs at
a larger distance away from the impingement point, which is out of the sensor area.

In practice, cooling fans can only provide a limited pressure gradient for
electronic cooling. Since it is assumed that standard PC-level cooling fans will be
eventually interfaced with these MEMS devices, in practice, it is reasonable to evaluate
cooling effectiveness by comparing surface temperature as a function of inlet pressure,
regardless of total mass flow rate. With this consideration in mind, a quick comparison

method between the single nozzle and nozzle array is available, as evident in Table 3.
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From Table 3, it is apparent that if one design parameter is a small pressure drop, then a

MEMS nozzle array is the optimal cooling configuration.

TABLE 3 Comparison of pressure required to cool the test chip to approximately

47°C with Q = 1.12 W and height = 500 um.

Single MEMS Jet | Single Glass Jet | Slot Array | Nozzle Array

Gas Pressure (psig) 2.0 1.0 0.7 0.5

3.4 Jet-Cooling Study with a Quartz Temperature Imager

The heat transfer measurement using the silicon thermal imager, as described previously,
yielded interesting results. However, the results also indicated that the silicon target chip
did not provide sufficient information on the temperature distribution because of the
limited coverage area covered by the sensor array. In addition, the high thermal
conductivity of silicon prodced only a small temperature difference (about 1 °C, see
Figure 3.3.13) across the measurement area (4mm x 4mm), significantly reducing the
relative precision of temperature measurement. Furthermore, the cooling effect of the
MEMS nozzle jet reduces dramatically when flow confinement effect appears. In view of
these observations, a quartz temperature imager, thin-walled MEMS nozzles and nozzle
arrays have been designed and fabricated, and used to perform further experimental

investigation of impinging-jet cooling.
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3.4.1 Design and Fabrication of Devices

L Quartz Temperature Sensor Array Chip

A 2™ generation temperature-sensor-array chip was successfully fabricated and used as a
test target for the impinging jet system. This 2 cm x 2 cm device, fabricated on a quartz
substrate, has integrated heating resistors on the bottom and 84 temperature sensors on
the top. Figure 3.4.1 shows a completed quartz temperature imager chip mounted on a PC
board, which provides the necessary electrical interconnects, and the entire setup is ready
to be mounted on a vacuum chuck for impinging jet testing. The uniformity of the
surface temperature distribution' produced by these backside heaters was verified by

direct measurement from the calibrated surface sensors.

Quartz Chip PC Board

FIGURE 3.4.1 A quartz temperature imager mounted onto a PC board.

Quartz was used as a substrate because its thermal conductivity is two orders of

magnitude lower than silicon (1.4 W/m K versus 148 W/m K) [25]. This should
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increase the thermal isolation of each temperature sensor embedded on the surface, as
well as improve the acquisition of local temperature measurements. Each individual
sensor is 4 um x 4 um in area, as pictured in Figure 3.4.2. In addition, similar silicon
based target chips were also fabricated. These chips incorporated all the integrated
sensors and heaters of the quartz design, plus the added bonus of having backside
temperature sensors for heat flux measurements. The backside sensors are pictured in
Figure 3.4.3. Benefiting from experience with previous target chip designs, we arranged
the sensors in a semi-radial array from the center. As shown in Figure 3.4.4, near the
center, the sensors are regularly spaced in a 5x5 square array. Further away, the
remaining 59 sensors are separated in the theta-direction every 22.5 degrees. Their radial
spacing has also been staggered in order to increase the concentration of sensors near the
center, the jet impingement point. Also, the radial spacing gradually increases away from

the center.

Front Sensor

Contact
Pad
Polysilicon
Sensor
(4Um x 4Um)
Al Lead

FIGURE 3.4.2 A picture of a sensor on the front side.
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Back Sensor

Cr Sensor

200 um

FIGURE 3.4.3 A picture of a sensor on the front side.

As illustrated in Figure 3.4.5, the process flow for the quartz based sensor array is
similar to previous designs. Starting with a bare 4 in. diameter, 0.5mm thick quartz wafer,
0.5 um of polysilicon is LPCVD deposited. The polysilicon is then masked and boron
ions are implanted. The lightly doped polysilicon, defining the sensors, is then remasked
and ion implantation is repeated to yield the heavily doped, lower resistance contact leads
for each sensor. The excess polysilicon is then patterned and removed by RIE. Next, an
approximately 1.5 um-thick layer of LTO is LPCVD deposited. The entire wafer is then
annealed at 1050°C for 30 minutes. Then, RIE is used to open contact openings on the
topside in the oxide. Processing of the topside is finished after the deposition of a 1 um
thick layer of aluminum contact pattern. Backside processing is then done with RIE that
opens contacts through the oxide layer to the polysilicon. Then, a Cr(0.1 um)/Cu (0.5
um) metalization is done. Finally, the metal is patterned to define the heaters in the case

of the quartz chip, or the backside sensors and heater in the case of the silicon chip.
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FIGURE 3.4.4 Sensor arrangement on the quartz temperature imager.

heavily doped lightly doped
\ Quartz
Al
LTO Quartz

w

Quartz

Cu Cr

FIGURE 3.4.5 Process flow of the quartz temperature imager.
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I1. MEMS Single Thin-Wall Nozzle and Thin-Wall Nozzle Arrays

As discussed in Section 3.3.3, heat transfer effectiveness tends to be reduced by the
confinement of flow between the nozzle and impingement surfaces. In order to reduce the
confinement effect, the second generation MEMS single nozzles and nozzle arrays have
been fabricated [24]. Figures 3.4.6 and 3.4.7 show such thin-wall single nozzle and thin-
wall nozzle arrays in 1 x 2, 2 x 2 and 10 x 10 arrangements. The nozzles (diameter D=0.5
mm) are made with two DRIE steps and have a thin wall (0.1 mm) to eliminate flow
confinement between the nozzle and chip, improving heat transfer effectiveness. The
fabrication process is shown in Figure 3.4.8. Starting with a thermal oxide layer grown on
both sides of a bare <100> Si wafer, thermal oxide was patterned to define nozzles. Then
photoresist was spin coated and patterned for the nozzle wall. After the first DRIE for
200mm to initiate nozzles, thermal oxide was removed from most of the wafer except
underneath the photoresist, which defines the nozzle wall. The second step of DRIE is

then applied to etch through the wafer to complete the nozzles.

100um  500um

(a) (b)

FIGURE 3.4.6 MEMS (a) single and (b) 2 x 1 array nozzles.
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(a) (b)

FIGURE 3.4.7 MEMS (a) 2 x 2 and (b) 10 x 10 array nozzles.

Oxide

1. Thermal Oxidation.
2. Patterning oxide defines nozzles.

PR

3. PR spinning and patterning nozzle wall.

4. DRIE 200 um to initiate nozzles.
5. Oxide etching.

Nozzles

el

6. DRIE through-etching to complete nozzles.

FIGURE 3.4.8 Process flow of thin-wall nozzles.
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3.4.2 Modification of Instrumentation

A few modifications of the experimental investigation in this section have been included.
A more stable and compact constant current circuit has been designed, and a 200-channel
Data Acquisition system has been used to provide enough channels for the quartz
temperature imager. In addition, the data for 2-D temperature distribution on the
impingement surface has been further processed to obtain the 2-D distribution of heat

transfer coefficient or local heat transfer coefficient.

L Constant Current Circuit

In our setup for the silicon and quartz temperature imagers, we used the LM334 constant
current source IC and IC current mirrors (MOSIS Chip, which is originally developed for
the UAV project [1]) to provide constant current bias to the sensors (as shown Figure
3.4.9). Since the LM334 has a positive temperature coefficient, we used an extra resistor
and diode to cancel out the temperature drift. R/ and R2 set the current for the IC. The
feature summary of the MOSIS chip is described in appendix A. Figure 3.4.10 shows the
picture of a constant current circuit board. This design provides constant current sources
that are less sensitive to the environmental temperature, and the circuit board is more

compact because of the MOSIS chip.
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FIGURE 3.4.10 The picture of a constant current circuit board.

II. Data Acquisition System

In addition, a 200-Channel Data Acquisition System replaces the HP349 Data

Acquisition System in order to provide enough channels for the quartz imager chip (84

temperature sensors on the front side). It was built by Mr. Tianxiang Weng of the Caltech
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Micromachining Laboratory [30]. Appendix B summarizes the features of this data

acquisition system.

3.4.3 Data Processing

The temperature sensor readings give the temperatures at a collection of sample points
(Figure 3.4.4). As shown in Figure 3.4.11, these sample-point temperatures from
thermistors are used to obtain the temperature distribution over the impingement surface,
which is in turn used as input to a finite element simulation for calculating the heat flux,
and finally the heat transfer coefficient.

For an array of micro impinging jets, the temperature distribution over the
impingement surface is two-dimensional. In this case, the interpolation package in
MATLAB is used to find the temperatures at points other than the temperature sensor
locations. When a single round jet impinges upon the quartz chip, the ideal temperature
distribution is axisymmetric, i.e., the temperature on the impingement surface only
depends on the distance from the jet impingement center. Figure 3.4.12 shows a typical
temperature distribution on the quartz impingement surface of a single MEMS thin-wall
nozzle. However, since the nozzle surface is not precisely aligned with the impingement
surface due to placement imperfections, there are errors in the axisymmetry of the sample
point temperatures. In addition, the location of the jet center is not precisely known,
especially because of the small jet size. To address this issue, we use the least-squares
method to fit an axisymmetric cubic spline [31] to the sample-point temperatures. The

center of the axisymmetric cubic spline is chosen by an optimization procedure such that
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the least-squares curve fitting error is minimized. Figure 3.4.13 shows a typical fitted
axisymmetric temperature distribution.

Once the temperature distribution on the quartz chip’s front side (i.e., the
impingement surface) is known, the ABAQUS finite element package is used for analysis
of heat conduction in the quartz chip. This analysis is performed on the 10x10 mm”
section of the quartz chip whose front side is covered by the temperature sensors. Thus,
in the finite element model the front side has a prescribed temperature distribution.
Assuming uniform heating of the polysilicon heater, the heat flux onto the back side is
uniform and given by the total power divided by the chip area. Since the chip’s thickness
(0.5 mm) is far less than its transverse dimension (10 mm), the boundary conditions at the
peripheral faces (normal to the front and back sides) of the 10x10-mm” chip section are
unimportant. Figure 3.4.14 shows a 3-D plot of the heat transfer coefficient of a thin-wall

MEMS single jet (see Figures 3.4.6).

Themistor
Arrays
Data acquisition
system & PC
Chip surface

Temperature distribution

Finite element
analysis (ABAQUS)

Heat flux distribution
Heat transfer coefficient

FIGURE 3.4.11 Data processing flow.
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Thus, from measurement and finite element analysis, we find the temperature, 7,
and heat flux ¢, on the impingement surface. The heat transfer coefficient is then

computed from the formula

where T.. is the ambient temperature.

FIGURE 3.4.12 Temperature distribution over the impingement surface (p=1.8 psi,

H/D=1).
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FIGURE 3.4.13 Fitted axisymmetric cubic spline vs. measured temperatures over the

impingement surface (p=1.8 psi, H/D=1).
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FIGURE 3.4.14 3-D plot of local h of a MEMS single jet (p=1.8 psi, H/D=1).
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3.4.4 Heat Transfer Data and Discussion

We have studied single and array jets, each of which was discharged from a MEMS
nozzle of diameter D=500 um for different jet heights, H, and driving pressures, p, across
the nozzle. Note that, equivalent to the driving pressure, the flow rate could be used as a

parameter. Most tests were conducted with approximately 1.5 W of power.

L Impingement Heat Transfer of MEMS Single Thin-Wall Nozzle

In the single impinging jet case, a typical measured temperature distribution is shown in
Figures 3.4.12. It can be seen that the temperature distribution over the impingement
surface is, as expected, highly axisymmetric. The corresponding axisymmetric cubic
spline is shown in Figure 3.4.13. We see that there is reasonably good agreement between
the fitted spline and measured temperatures.

Temperature distributions obtained from measurements and curve fitting were
then used to perform finite element computation of the heat flux, g, from the
impingement surface to the impinging micro jet. The heat transfer coefficient, 4, was then
computed from the formula given in the previous section. Figure 3.4.14 depicts a 3D plot
of h over the chip surface. The variation of /# with the distance from the jet center, r, is
shown in Figure 3.4.15 for driving pressures (p) from 0.4 psi to 2.0 psi. This pressure
range corresponded to a flow rate between 0.4 and 1.1 SLPM. The corresponding
Reynolds number, defined as Re=uD/v (u is the average air velocity at the nozzle exit
and v the kinematic viscosity of air), took on a value between 1800 and 2900. It can be
seen that as the pressure drop increases, the heat transfer coefficient 4 also increases. In

addition, the maximum of & occurs at the jet center at lower pressures, while shifting off
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center at the highest pressure studied (2.0 psi). This is in agreement with macro-jet data
[3], as & for macro turbulent jets achieves its maximum off jet center for H/D<4. Note
that at p=2.0 psi and Re=2900, the micro jet is just entering the turbulent flow regime.
Figure 3.4.16 shows the heat transfer coefficient distribution for different jet
heights (H). We can see that except in a region very close to the jet center, /& is very
insensitive to H for H/D between | and 6. This insensitivity can be more clearly observed
in Figure 3.4.17, which illustrates the average heat transfer coefficient, denoted #,, and
computed over a disk of radius 2D, as a function of H/D for different driving pressures.
In addition, maximum peak of /& was observed off the center (Figures 3.4.15 and 3.4.16)
with a high driving pressure (>2psig) and a small height (H/D#¥3). It may correspond to
the actual secondary maximum peak of & which exists for turbulent macro jets [1, 23],
while the first maximum peak of /4 could be missed or averaged away because of its small
diameter. Further investigation with a denser array of thermistors is necessary to examine

the heat transfer characteristics around the small impingement center.
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FIGURE 3.4.15 Local heat transfer coefficient of a MEMS thin-walled jet for different

driving pressures.
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FIGURE 3.4.16 Local heat transfer coefficient of a MEMS thin-walled jet for fixed

pressure for different jet heights.
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The effective cooling range r.; can be defined as the location where the heat

transfer coefficient is only half of the maximum value, i.e.,

B4
h 2

max
As we can find for Figures 3.4.15 and 3.4.16, r,; changes from one jet diameter to two
times the jet diameter as the pressure changes from 0.4 psig to 2.0 psig, but is far less
sensitive to the spacing between the jet and impinged surface if H/D<6. This provides the
reference spacing between the individual single jet for jet arrays that are studied in the

following.

II.  Impingement Heat Transfer of MEMS Thin-Wall Nozzle Array
In addition to single jets, arrays of micro impinging jets have also been investigated. The
MEMS nozzles were arranged in 2x1 and 2x2, as well as 10x10 arrays. Figure 3.4.18
shows a representative distribution of 4, the heat transfer coefficient, for a 2x1 jet array.
We can clearly see that # has two maxima corresponding to the individual jets that make
up the array, and quickly levels off as one moves away from the jet array. The local heat
transfer coefficient of the other types of jet arrays exhibited a similar qualitative behavior.
With the relatively simple geometry of 2x1 micro impinging jet arrays, we were
able to investigate the dependence of the average heat transfer coefficient, 4, on the jet-
to-jet spacing. Figures 3.4.19 and 3.4.20 depict this dependence for different flow rates
and jet heights, respectively. It can be seen that while the influence of the jet spacing on
the average heat transfer coefficient is generally insignificant, 4, does increase slightly

as the jet spacing is decreased from 2 mm to 1 mm (arranged for r,/D=1-2). This
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increase in h,, is more noticeable at larger flow rates or smaller jet heights. This may
have been caused by the enhanced interaction between the individual jets at higher flow

rates or lower jet heights.

h (mwimm K)

FIGURE 3.4.18 Local / of a 2x1 jet array (Q=1.4 SLPM, H/D=3.3, a=1.5mm).
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FIGURE 3.4.19 Dependence on jet-to-jet spacing of the average heat transfer coefficient

of a2 x 1 jet array at different flow rates.
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FIGURE 3.4.20 Dependence on jet-to-jet spacing of the average heat transfer coefficient

of a 2 x 1 jet array for different jet heights.

By using 2x1 and 2x2 jet arrays, the effects of the driving pressure or flow rate, as
well as the jet height, on the average heat transfer coefficient have been studied. Shown
in Figure 3.4.21 is h,, as a function of jet height for different driving pressures for a 2x2
jet array (with a jet-to-jet spacing of 1 mm). It is clear from Figures 3.4.21 and 3.4.22 that
higher driving pressures or flow rates resulted in enhanced heat transfer. As for the effect
of the jet height, Figure 3.4.21 indicates that the average heat transfer coefficient
increases as H decreases to an optimum (between H=0.25 to 0.5 mm), after which A,

drops slightly. Note that the heat transfer enhancement effect of smaller jet heights can
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also be observed in Figure 3.4.20. Thus, the interaction between the jets facilitated heat

transfer. Further investigation is needed to understand the mechanism of this interaction.
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FIGURE 3.6.21 Average heat transfer coefficient of a 2 x 2 jet array for different

driving pressures.

Finally, to assess the viability of using micro impinging arrays to build MEMS
heat exchangers, we have been investigating heat transfer characteristics of micro
impinging jet arrays in more complicated MEMS nozzle arrangements. Our preliminary
results from a 10x10 MEMS jet array (with a jet-to-jet spacing of 1 mm and a jet height
between 0.25 mm and 0.5 mm) indicate that at a driving pressure 0.2 and a flow rate of 6
SLPM, one can achieve h,, = 1 mW/mm? over the 1-cm” area covered by the array (as

shown in Figure 3.6.22). For comparison, consider a macro single jet, which has the same
flow rate (6 SLPM) and total cross-sectional area (lOOn‘Dz/4) as the 10x10 micro jet

array. (The macro jet diameter is thus 5 mm.) According to the correlation formula given
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in Ref. [1], the macro jet’s average heat transfer coefficient over a l-cm” area is
approximately 0.17 mW/ mm”. It follows that the heat transfer rate of the 10x10 micro jet
array, in addition to being more uniform, is 6 times that obtainable by the macro single
jet. We can thus see that MEMS heat exchangers using micro impinging jet arrays can

provide highly effective and uniform cooling.

h (mvwmn'«:’ K)

FIGURE 3.6.22 Average heat transfer coefficient of a 10 x 10 jet array (Q = 6 SLPM, H

=025mm,P=11W).

3.5 Conclusion

MEMS impinging-jet cooling has been studied using temperature imagers with integrated
micro heaters and thermistors made of polysilicon thin films. The study has yielded a
MEMS-based heat transfer measurement paradigm, as well as extensive experimental
data on jet-impingement heat transfer. The MEMS-based measurement paradigm
successfully integrates sensing and heating, and for the first time allows high-resolution

measurements of the 2-D temperature distribution over an adequately large impingement
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surface area. The heat transfer data demonstrates the excellent promise of micro-
impinging-jet heat transfer, and provides useful rules for designing impinging-jet-based
micro heat exchangers.

In single-jet cooling, the higher the driving pressure, the higher the heat transfer
coefficient. The reason is that the mass flow rate increases with the driving pressure,
allowing the heat to be removed more effectively. The stronger turbulence level due to an
increase of the gas speed also enhances the heat transfer. On the other hand, the heat
transfer rate of a impinging jet with a single MEMS nozzle starts to decrease significantly
when the jet height is lowered from three times the nozzle diameter due to the
confinement effect between the nozzle and impinged surfaces. Such confinement effect
has been successfully eliminated with a thin-walled MEMS nozzle, and hence a relatively
large tolerance in the jet height (H/D varied from 1 to 6) was allowed. Finally, the heat
transfer coefficient of single impinging jets with a thin-walled nozzle show the peak
values as high as 0.3 W/em’K (several times larger than conventional jets), as well as an
approximate effective cooling range of one to two times nozzle diameters. This
demonstrates the excellent effectiveness of micro impinging jets for local spot cooling,
and provides a guideline for designing practical micro heat exchangers.

The experiments with micro impinging-jet arrays have yielded useful results on
the influence of the jet-to-jet spacing, the flow rate, as well as the jet height on the heat
transfer rate. The jet-to-jet spacing appears to have an insignificant effect on the heat
transfer, while higher flow rates result in higher heat transfer rates. It has been shown that
the jet height influences the heat transfer quite significantly. As the jet height decreases

down to an optimal value, the average heat-transfer coefficient increases. This
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phenomenon is in contrast to the single-jet case, where the jet height has a much less
significant effect. The interaction between adjacent jets is believed to contribute
favorably to enhance the heat transfer. To demonstrate applications of impinging-jet
arrays to micro heat exchangers, we experimented with a 10 x 10 jet array. The resulting
data show that a considerably uniform heat transfer coefficient, on the order of 0.1
W/cm’K, can be achieved. This rate, approximately 6 times that achievable by a
comparable macro single jet, shows that micro impinging-jet-array based heat exchangers

are quite promising.
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CHAPTER 4

SUSPENDED MICRO CHANNELS WITH

INTEGRATED POLYSILICON THERMISTORS

ABSTRACT

A freestanding microchannel, with integrated thermistors, has been developed for high-
pressure flow studies. These microchannels are approximately 20um x 2um x 4400um,
and are suspended above 80um deep cavities, bulk micromachined using a BrF; dry etch.
Volumetric flow rates of N> in the microchannel were measured at inlet pressures up to
578 psig. Discrepancies between the data and theory resulted from the flow acceleration
in the channel, the non-parabolic velocity profile, and the bulging of the channel.
Bulging effects were evaluated by using incompressible water flow measurements, which
also led to a measurement of 0.001045 N-s/m’® for the viscosity of DI water. The
temperature data from sensors along the channel shows isothermal flow in microchannel

at inlet pressures up to 300 psig.



4.1 Introduction

Micromachining is a rapidly emerging technology in which micron-scaled fluidic devices
are possible for the first time. For example, microchannels may be used in a variety of
applications such as transport of fluid in micro chromatography [1] and electrophoreses
[2-6], microfluidic control systems (micro pumps, micro valves, micro filter, micro flow
meters) [7-8], micro reaction systems [9], and micro total analysis systems [10-12]. In
order to design and fabricate such micro devices effectively, the physical laws governing
fluid flow in small conduits needs to be understood. Such flow differs from its
macroscopic counterpart in that non-continuum effects for a gas or polar mechanics
effects for a liquid may not be negligible due to the small scale of the flow.

Furthermore, the characteristics of the fluid flow along its path (from the reservoir
to the jet nozzle, to impingement surface and finally exit to the ambient) will have a
significant impact on the heat exchanger’s performance [13]. At the micro scale, such
flow paths often take the form of micro channels. Therefore, the study of micro channel
flow will greatly facilitate the understanding of fundamental operation principles of
micro heat exchangers, and provide for an effective tool in practical micro heat exchanger

design.



4.2 Overview of Previous Work

In recent years, microchannel flow has attracted considerable attention. Pfahler, et al. [14]
estimated experimentally the friction factor for gas and liquid flow in small channels.
Nevertheless, Arkilic et al. [15] considered the effect of compressibility in a
microchannel flow. The most detailed studies up-to-date were conducted by Pong et al.
[16], Shih et al. [17], and C. W. Chiu [18] who measured not only the overall pressure
drop and flow rate, but also the pressure distribution along the microchannel. However,
they were only able to obtain data for relatively low inlet pressures because of the low
operating pressure in these devices [19]. They showed that by considering slip and
compressible effects, the flow rate could be accurately determined.

There are only a few theoretical studies addressing compressible, viscous, steady
laminar flow in small uniform conduits. Prud’homme et al. [20] calculated the mass flow
rate of gas through a long tube for an ideal gas. Van den Berg [21] presented a detailed
study using perturbation methods to calculate the mass flow rate of a gas through a
cylindrical capillary. They clearly identified the effects of compressibility, acceleration
and non-parabolicity of the velocity profile. Harley et al. [22] attempted to analyze the
same flow in a microchannel, but as they stated, their model is mathematically
inconsistent. Here we present an experimental study of gas and liquid flow through a
microchannel under high inlet pressures. We compare the results with an analytical
model developed for capillary flow that accounts for 2-D, slip and compressibility and
corrects for flow acceleration and non-parabolicity. We show that under very high

pressures, the resulting change in channel geometry needs to be considered.



Data for liquid flow through a microchannel is rare since not only a much higher
pressure is required to obtain measurable values but also the channels are easily blocked
by particles. This project then shows that the robust design of the present microchannels,
together with the careful set-up of the external flow handling system, allows us to carry
out accurate measurement of a liquid flow rate under high inlet pressure.

In addition, several investigations have been done to study heat transfer in
microchannels [16], but no experimental data on the temperature distribution along a
microchannel is available. This information is required to understand the heat transfer
process and to develop a complete set of analytical models. This is the motivation behind

the development of a suspended microchannel with integrated temperature sensors.

4.3 Fundamentals

This section reviews basic fluid mechanics results as relevant to microchannel flow [24-
28]. Starting from the governing equations, i.e., the continuity, momentum and energy
equations, the mass flow rate formulas are derived for incompressible liquid flow and

compressible gas flow with several appropriate simplifications for micro channel flow.

4.3.1 Governing Equations
Fundamental studies of fluid mechanics [24-28] give the governing equations of fluid

flow. The following list the differential equations of continuity, momentum, and energy:

Continuity: L% +V-u=0 4.1)

p Dt
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Momentum: p%+Vp = pG + uV73i +(u, +%,u)V(V “U) 4.2)

Energy: OF = 6Q + 6W (4.3)
In these equations, p is fluid density, 7 is time, u« is fluid velocity, p is pressure, G is the
specific body-force, E is the fluid energy, Q is the heat and W is the work done to fluid.
For a steady state viscous flow at a small Reynold’s number, Equations 4.1 and 4.2 can
be further simplified as

Continuity: V.(pi)=0 (4.4)
Momentum: Vp=uV-i 4.5)

where the body-force has been ignored.

4.3.2 Simplifications for Micro Channel Flow

The coordinate system shown in Figure 4.3.1 is arranged so that the origin is at the center
of the channel cross section at the inlet, the x-axis is along the flow direction, the y-axis
along the channel height direction, and z-axis along the channel width direction. The flow
in a channel with constant height and width can be further simplified by assuming the

flow velocity in the directions y and z to be zero (i.e., v=0, and w=0), as shown in

Equations 4.6 and 4.7.
Continuity: 9pu) =) (4.6)
ox
Momentum: P = (a*u 4 du _L,l) 4.7)

4
ax ‘u ax2 ayz az_

dp
Z-0 4.8
e (4.8)
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“E =0 (4.9)

_______

L (2-4 mm)

w (20-40 pm)

FIGURE 4.3.1 Coordinates used in the derivation of equations.

In our case, the channel height is much smaller than the width and length, and we have

the following approximation:

8‘7 o 8'7 g ahﬁ (4.10)
dy~  ox~ 07"

In addition, since the width is much larger than the height, the flow model can be
approximated to 2-D flow as show in Figure 4.3.2. Applying such approximations to

Equation 4.7, we have

op 0%u
i A sl 4.11
ox # dy’ ( )

From Equations 4.8 and 4.9, we know the pressure is only a function of x,

p=px) (4.12)
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FIGURE 4.3.2 The coordinate system along the length direction.
Integrating Equation 4.11 twice along y direction, we get
L I (4.13)
2u dx
As we can see in Figure 4.3.2,
L =C, =0 (4.14)
d_\’ v=0
For non-slip boundary conditions, we have
ul L L g, (4.15)
Y=t3  2u dx 4 -
& =1 %y (4.16)
- 8u ox
Substituting Equations 4.14 and 4.16 into Equation 5.13 then yields
4.17)

uz_La_P(ﬁj" T
2u ox| 2 (h]h

The mass flow rate can given by
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= IpudA =pwW Iudy
h

h

(4.18)

2 2

Substituting Equation 4.17 into Equation 4.18, and integrating y from —h/2 to h/2, we

have
_ e/ 4.19)
12u ox (

4.3.3 Incompressible Micro Channel Flow

Assuming isothermal conditions for incompressible flow, we have

p~constant (4.20)
a_Pz_Pm_an (4.21)
0x L

Applying above equations to Equation 4.19, we have equations for mass flow rate and

volume flow rate,

3
an = 1 pWhg Pin = Powr = h wp AP (422)
12u L 12uL

3 b
g,= Qo _ 1’; ”L AP (4.23)
p 1

4.3.4 Compressible Micro Channel Gas Flow
The state equation of gas can be expessed as the following,
p=pRT

(4.24)

where R is the specific gas constant. Then we can have
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P
_r 4.25)
P=RT !

Applying Equation 4.25 to Equation 4.19 and integrating x from O to L,

TQ dx—lf— L_ 1o Dy (4.26)
o ™o 12uRT P '

Q,, 1s constant along the channel. Assuming isothermal flow, we have

3 2 E
Qm - wiI Pour Pin A (427)
24uRTL|| P

out

4.3.5 Slip Boundary Gas Channel Flow
The assumption of no-slip boundary slip condition may not be accurate for micro channel
flow, especailly in low pressure micro channel flow [16, 18, 19, 22]. The Knudsen

number for the channel flow can be defined as

Kn= (4.28)

>

Where A is the mean free path of the gas molecules, and L is a characteristic length of

the channel such as height. Under the standard condition, i.e., at the room temperature
and atmospheric pressure, the Knudsen number for our channel (4: 1-2 pm) is about 0.02
to 0.04. In such a case, the slip boundary condition has been considered and the mass

flow rate has been modified using the Knudsen number [29], which is described as

3 2 B
0 =YW P || Pun | _ oyl P _ (4.29)
24uRTL || P

out out
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4.4 Design and Fabrication

Figure 4.4.1 shows the micro channel flow study. Using surface micromachining
techniques, we fabricate robust micro channels, which are able to withstand pressures up
to several hundred pounds per square inch. Micro sensors are integrated with the micro
channels so that we are able to obtain the temperature, pressure, and flow rate
information during the fluid flows through the channels. Furthermore, undercutting the
silicon underneath thermally isolates the channel, which allows us to study the thermal

effects of micro channel flow [23].

SR

> Outlet
—— g —— ~%"
hy ] .

Micro
: L Sensor
Si substrate

. 3
Inlet

\ Vacuum chamber j

FIGURE 4.4.1 Conceptual illustration of MEM freestanding micro channel integrated

with micro sensors.

4.4.1 Suspended Micro Channel with 1** Generation Integrated
Thermistors

The freestanding microchannels with integrated thermal sensors were fabricated using
surface micromachining techniques, while the thermal isolation cavity as well as the inlet

and outlet pits were bulk micromachined [23].
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1. LPCVD Nitride
2. LPCVD PSG
Lightly Doped Poly Heavily Doped Poly

3. LPCVD Nitride
4 LPCVD Poly
5. Ion Implantation Etch Hole

6. Etch Hole Opening

7. PSG Etching

8. Sealing by LPCVD Nitride
9. Inlet and Outlet Opening

etal

10. Open Contact Holes
11. Metallization

Suspended Channel

12. Si Undercutting by BrF;

FIGURE 4.4.2 Fabrication process for suspended microchannel with integrated

thermistors.



The fabrication process, schematically shown in Figure 4.4.2, starts with low
pressure chemical vapor deposition (LPCVD) of a 1 um thick nitride layer on a bare
<100> oriented silicon wafer, followed by the patterning of the channel inlet and outlet.
Next, a 2 um LPCVD PSG sacrificial layer, which defines the microchannel length,
width, and height, is deposited on the topside of the wafer. Another 0.5 um thick layer of
LPCVD nitride is deposited on the PSG to define the channel boundaries, i.e., sidewalls
and ceiling. A 0.5 um layer of LPCVD polysilicon is then deposited and patterned to
form the temperature sensors on top of the microchannel. Selective boron ion
implantation is used to control the electrical properties of the polysilicon. The sensor
element, 4 um x 4 um in size, is lightly doped with boron (2 x 10"/cm?) giving the
sensor a nominal room temperature resistance of 30 k€. The polysilicon contact lines to
the sensor are heavily boron doped (2 x 10°%cm?) to reduce the resistance of the sensor
leads. RIE is performed to open holes through the nitride to the PSG in order to facilitate
etching. A sacrificial etching of the microchannels in a 49% HF solution to remove the
PSG layer immediately follows.

The newly formed microchannels are re-sealed by uniformly depositing a 0.5 pum
layer of LPCVD nitride. This completes the fabrication of the microchannels with the
channels having 1 pm thick walls. An anisotropic TMAH solution is used to bulk etch the
channel inlet and outlet pits, and a second RIE step is then used to open contacts through
the nitride to the polysilicon underneath. Metallization forms bonding pads for
connections between the macro-world and the sensor elements and, finally, thermal
isolation of the channel is achieved by isotropically bulk micromachining the silicon

underneath the channel. A photoresist mask is used to protect the channel and its
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suspension stringers from a BrF; dry etch [30], which results in a cavity 80 um deep and
about 400 um wide. The channel used in the experiments (Figure 4.4.3) was 4.4 mm
long, 1.85 um high, and 19 um wide. These dimensions were obtained using an Alpha
Step profiler. The microchannels are suspended by 200 um long stringers on each side
spaced approximately 500 um apart. The temperature sensor contact lines run from the
center of the channel out along the stringers, as shown in Figure 4.4.4, and to the bonding
pads next to the isolation cavity.

4mm

Free Standing Channel

FIGURE 4.4.3 Top view of suspended micro channel with integrated thermistors.

- e

(a) (b)
Figure 4.4.4 Electron micrographs of suspended channel with an integrated sensor:

(a) Section where sensor locates, (b) Cross section shown from broken channel.



4.4.2 Suspended Micro Channel with 2" Generation Integrated

Thermistors

1*" generation integrated thermistors embedded inside a channel wall measure the
temperature in the wall, which may be different from the temperature inside the gas flow.
2" generation integrated thermistors shown in Figure 4.4.5 have been designed and
fabricated to measure the temperature of fluid flowing inside the channel.

The fabrication process is similar to the first generation design except the
polysilicon layer is sandwiched between two low temperature oxide layers. The oxide is
later sacrificially etched to produce the freestanding sensor inside of the nitride channel
as shown in Figure 4.4.5.

Channel suspended
Tether away from Si Substrate

Si substrate

” ==
. Poly-Si Sensing Element
P, o (B+ doped: 2 x 108 cm™)
Sensor suspended
inside the channel -
Poly-Si Sensor lead
(B+ doped: 2 x 10°° cm™)

FIGURE 4.4.5 A suspended micro channel with a broken part to show a freestanding

thermistor inside.



4.5 Experimental Setup

Gas and liquid flow measurements were conducted in the apparatus illustrated in Figure
4.5.1. The chip was bonded to a packaging holder (20 H/B, Plug In, 1.056 x 1.156
Cavity) from Spectrum Semiconductor Materials, Inc. (Figure 4.5.2). Figures 4.5.3 and
4.5.4 show the vacuum chamber where the high-pressure gas channel flow is tested. The
temperature distribution along the pressurized channel was measured in a vacuum
chamber, the chamber was evacuated to 10 mtorr in order to minimize heat loss due to
convection effects.

As shown in Figure 4.5.1, microelectronic grade N, from a pressurized cylinder
was passed through HPLC tubing into the suspended microchannel. An Omega type
PX120 pressure transducer was used to monitor the inlet pressure. An Omega model
HHP-3200 digital manometer measures the exit pressure. These transducers had an
uncertainty of 1.0 and 0.1 psia, respectively. The volume flow rate is measured using
various glass tubes approximately 1.1 meter in length, and from 3 mm to 8 mm in (outer)
diameter, whichever is appropriate for the flow rate being investigated. These tubes were
calibrated using water and a graduated cylinder. The volume flow rate in the tube was
measured optically as a meniscus of water traveled past marked gradations versus time.
Data for each set of flow parameters (at various inlet and outlet pressures) took from
thirty minutes (for a gas) to four hours (for a liquid), depending on the relative flow rate.
In addition, a vacuum/compressor pump is connected to the settling chamber at the end of
the measurement tube. This allows the exit pressure to be lowered to a maximum

vacuum of -12 psig, or pressurized to 20 psig.
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Temperature calibrations of the embedded sensors were conducted inside a Delta
Design Model 2300 isothermal oven. Resistances were measured by a HP Model
34401 A multimeter, and accurate temperature measurements, better than 0.01 °C, were

obtained using an Omega DP-251 precision thermometer using a calibrated RTD sensor

element.
/ woX: \
& Compressed
Valve Wates - i Pressure Air
Vent Pipette _@— Filter auge
front | gaug
il L
Ll TT IA[ T i I IT1E I o\’/&' Vacuum“‘“‘\\“ \
: ‘ " Chamber ™. Ver l
ﬂ Ruler Sensor ; E M%"incmf'ochannel
To °
Vacuum Pump Vacuum Pump v

FIGURE 4.5.1 The illustration of experiment setup.

FIGURE 4.5.2 The picture of the chip bonded on a packing holder. The sensors are

wire-bonded to the holder plugs.
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FIGURE 4.5.3 The top view of the vacuum chamber.
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FIGURE 4.5.4 The side view of the vacuum chamber.
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4.6 Test Results and Discussion

The flow rates through a channel (4400 x 19 x 1.85 um®) have been measured with a
maximum driving pressure up to about 600psig. The discrepancy between the test results
and theory comes from a flow acceleration and a non-parabolic velocity profile under
high pressure, as well as the bulging effect of the channel wall. The temperature
measurements confirm that the assumption of isothermal flow is appropriate for

microchannel flow.

4.6.1 DI Water Flow in Microchannel

DI water flow in a microchannel has been measured. The discrepancy between the
experimental data and theory is accounted for the bulging effect of the channel wall. Our
new model based on the bending beam theory agrees with test results. In future channel
design, if we can reduce the bulging by designing channels with thicker walls, we can
then concentrate our studies on the flow properties such as viscosity, compressibility, slip
boundary or even more complicated effects like those due to flow acceleration and a non-

parabolic velocity profile under high pressure [1].

Flow Rate of DI Water through a Microchannel

Figure 4.6.1 displays data for the volume flow rate of DI water in the channel under
various inlet pressures, which is nonlinear. According to the analysis in Section 4.3 and
Equation 4.23, the flow rate of an incompressible liquid through a uniform microchannel
is proportional to the pressure difference between the inlet pressure and outlet pressure.

The measurement results indicate that the channel deforms under high pressure since the

= 14, -



experimental results deviate from the theoretical values calculated using Equation 4.23,

as illustrated by the solid line in Figure 4.6.1.

0.6 Channel Dimension:
0.5 | Length:44 mm
Width: 19um o |
0.4 Height: 1.85um [ ]

3 0.3
202

ket
0.1 |
0.0 |

0 250 500
AP (psig) |

FIGURE 4.6.1 Comparison between the measurement data and the theory for a channel

Experiment Data

1n

L/m

T

Constant Area

with constant cross section area.

II.  Bulging Effect of a Microchannel under Pressurized Flow

We investigate this hypothesis by modifying the height term in the volume flow rate
equation, accounting for the wall-deflection effect due to pressure. For small deflection
under a pressure (uniform loading on the cross section), we assume the local deformation
is linear with the local pressure p(x) as shown in Figure 4.6.2.

Since the channel length is much larger than the height and width, we can treat the
top or bottom wall as a single beam with the fixed angle boundary condition as shown in
Figure 4.6.3. By applying bending beam theory [31, 32], we can find deflection curve is a

parabolic curve and the maximum deflection is found by Equation 4.30.
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B 4
Alx)=-2- p(f)w
384 Er* /12

(4.30)

Where B depends on the boundary condition. For example, B= 2 in our case.

4 N
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el M A
s

n L Prowne 3] [h()=h,[1+7P(0)

Xl T

FIGURE 4.6.2 Illustration of channel deformation under pressurized flow.

-

y

FIGURE 4.6.3 Bending beam model applied to the bulged channel wall.

The increased area of the cross section by bulging of both top and bottom walls is

obtained as

5
Ad = w- Ax) = D P
384 E1°/12

(4.31)
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Then the equivalent change of height is

M_ B pow'

Ah= 5
w 384 Er’ /12

=p(x)h, (4.32)

B w B W
384 Er’h, /12 32 Et’h,

Where Y= (4.33)

h, is the nominal channel height of 1.85 um at standard conditions, and p(x) is the local
pressure. Then the effect channel height is
h=h[1+px)] (4.34)
By substituting Equation 4.34 into Equation 4.23, and assuming that yP(x)<<I so

that higher order terms can be ignored, we get:

a”(x) L S T S ) (4.35)
12u ox

0, =———wh, 1+ ()}
12u

After integrating along the channel and assuming AP >> P, in the case of very high

out

input pressure, the following approximation for volume flow rate is obtained:

3

0 =t ¥p _ P,.,,{H y(P, P,,,,,)} Bow ppf143 > (4.36)
12ulL 12uL

By comparing Equation (4.36) to Equation (4.23), we can define a correction term due to

bulging as
Q, =0,,(1+MN) (4.37)
Where
hw
Q,, =———AP : (4.39)
124
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FIGURE 4.6.4 Measurement data fitted to the bulging model.

It is clear that this geometry correction is parabolic with respect to the pressure
difference and explains the curvature of the data as seen in Figure 4.6.1. By fitting the
experimental data with Equation 10.9, this yields p=1.045x10" N-s/m* and 7 = 0.000264
psi’' as shown in Figure 4.6.4. Applying all of the channel dimensions to the Equation
10.8, we estimate the value of nitride Young’s modulus as E=400Gpa. The reliability of
the method can be seen by the fact that our estimated viscosity and nitride Young’s
modulus are consistent with the published values [33, 34] by taking into account the

experimental error (less than 5%).
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III. In Situ Deflection Measurements

The presence of bulging was confirmed using in-situ deflection measurements obtained
from a WYKO model RST Plus optical profiler. Interferometric scans of magnified
sections of the channel were taken in the WYKO’s vertical scanning imaging (VSI)
mode. A 30nm layer of Au-Pb was sputtered onto the channel in order to circumvent the
detrimental transparency of the nitride roof. Images at different input pressures, but at
identical locations, were digitally subtracted from each other in order to obtain the
resulting deflection in the channel for a given pressure difference. The images were taken
at 400 times magnification with an interrogation area CCD camera resolution of 256 x
256, yielding a resolution of about 0.24 um per pixel. Figure 4.2.5 is a computer-
calculated image, which illustrates the resulting beam deflection near the inlet when an
image at 300 psig is subtracted from an image at O psig. The maximum deflection
measured on one side is approximately 60 nm at AP = 300 psig, which yields a y/2
=0.0001426 psig”, i.e., Y =0.0002852 psig’'. Here v is close to the value from the fit of
the incompressible water measurements. This shows that the model is suitable to modify
the water flow rate through the channel under high pressure.

The maximum deflection measured, shown in Figure 4.6.5, is approximately 75
nm at AP = 300 psig, which yields a y=0.000178 psig"'. Here y is close to the value from
the fit of the incompressible water measurements [14]. Although the WYKO deflection
results are consistently lower than values obtained from fits of the volumetric flow data,
we now have experimental evidence that the model is suitable for explaining high
pressure deflection effects on the suspended micro channel’s dimensions to within

reasonable error.
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FIGURE 4.6.5 Sample processed 3-D WYKO image showing beam deflection near the

inlet at 300 psig.

4.6.2 Low-pressure Gas Flow

Before proceeding to high-pressure gas flow, we tested the validity of the experimental
procedure by investigating low pressure flow, in order to compare our results to previous
results available in the literature. Nitrogen gas was passed through the microchannel at
low and high pressures. We regard low pressure as being under 60 psia, which is
comparable to the pressure range already investigated [15, 16, 17, 21, 22]. By assuming a
parabolic velocity profile and neglecting the convection term, the mass flow rate for
compressible flow with slip boundary condition is given by Equation 4.29 that is

rewritten as:

13 2 ' '
Qp =5 | | £ | ~1+12Kn £ —1 (4.29)
u

out out
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where Kn,,, is the Knudsen number at the channel exit and R is the specific gas constant.
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FIGURE 4.6.6 Theoretical and experimental results for low pressure N, flow with outlet

pressure at 1 atm.

Figure 4.6.6 shows the mass flow rate of nitrogen flowing through a microchannel
at 1 atmosphere pressure. The inlet pressure was controlled by connecting to a high-
pressure cylinder through a valve. Figure 4.6.7 shows the mass flow data for a fixed inlet
pressure of 30 psig. The outlet pressure was controlled by connecting to a vacuum pump
through a valve.

As one can see from these two figures, within experimental error, these data
points fit well to the generally accepted low-pressure theoretical predictions as in
Equation 4.29. The agreement between the experimental results and the theoretical

calculations verify that the present setup provides an appropriate system to reliably obtain
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extremely small volume flow rate measurements. Furthermore, these results support the
argument that flow acceleration and non-parabolicity effects are negligible at low
pressures, and flow rate predictions taking into account only compressible and slip flow

effects are accurate [23].
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FIGURE 4.6.7 Theoretical curves and experimental data for low pressure N» flow for 30

psig inlet pressure.

4.6.3 High-Pressure Gas Flow

When the inlet pressure gets higher and higher, we notice that the experimental data
deviates from the theoretical curve from Equation 4.29 (shown in Figure 4.6.8). It implies
that it is no longer appropriate to ignore the effects of flow acceleration, non-parabolicity,

as well as deformation of channel wall at high inlet pressure (>60 psia).

- 150 -



1000 e ‘
Channel Dimension: #
~ Length: 4.4mm .
= 800 Width: 19um "
= Height: 1.85um
£ 600 | g |
%D Experiment \
g 400 ] Theory
o
200
Pout=1 atm
O |
0 10 20 30 40 50
Pin/Pout

FIGURE 4.6.8 Theoretical curve and experimental data for high pressure N flow for 1

atm outlet pressure.

In order to estimate the influence of the flow terms ignored so far in this analysis,
we refer to the work of van den Berg, et al. [21] for guidance. They derived equations for
mass flow rates which take into consideration the non-parabolicity of the velocity profile,
as wells as the convection (acceleration) term of the momentum equation. However,
their analytical study was for a capillary with a circular cross section. Using hydraulic
diamet