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Silicon-Micromachined Flow Sensors

By

Fukang Jiang

In Partial Fulfillment of the Requirements

for the Degree of

Doctor of Philosophy

Abstract

A new generation of silicon-micromachined or micro-electro-mechanical-system

(MEMS) sensors for the general purpose of microflow measurement and control is

presented here. The first one is a polysilicon hot-wire anemometer made by a combined

bulk and surface micromachining process. The new devices feature batch-fabricated free-

standing micro polysilicon hot wires that are similar to conventional metal hot wires.

Both the theoretical analysis and experimental (steady-state and dynamic) results show

that MEMS hot wires have order-of-magnitude better frequency response, finer spatial

resolution, and higher sensitivity over conventional hot-wire anemometers.

A novel MEMS thermal shear-stress sensor featuring vacuum-cavity insulation has

been developed. The device is a polysilicon wire thermistor embedded in a silicon-nitride

diaphragm which sits on top of a vacuum cavity. The vacuum cavity is to improve the

thermal isolation between the polysilicon wire and substrate. To characterize the devices,

both steady-state and transient heat-transfer theories have been established and used to

calibrate wind-tunnel results, temperature sensitivities and frequency responses. Shear-

stress sensor array chips have also been developed. Each of the shear-stress imagers has

more than 100 sensors integrated on a 1×2.85 cm2 chip. Our measurement results from a

fully developed 2-D channel flow are well agreeable with previously published results.
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For the first time, real-time 2-D wall shear-stress images in a turbulent flow have been

experimentally obtained.

A new technology for the integration of micro-sensors, micro-actuators and

microelectronics (M3) on a single chip has been explored. Prototype M3 chips including

shear-stress sensors, magnetic actuators and CMOS circuits have been fabricated. This

technology sets a base for the future development of a fully functional M3 chip drag

reduction.

Finally, a novel flexible MEMS skin technology fully compatible with IC process has

been developed. Mechanically, the skin is made of metal leads sandwiched between

polyimide layers that connect a number of silicon islands together. The skin can be

applied conformablly on non-planar surfaces. The first application of this technology is a

flexible shear-stress sensor skin that has been successfully used for the real-time

measurement of shear-stress distribution on the leading edge of a delta wing model.
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Chapter 1

Introduction

Fluid flow is important in many fields of engineering, industries and scientific

research such as meteorology, astronomy, chemistry, geology and physics. As a result, the

interest in fluid mechanics by scientists and engineers has continued to grow throughout

many years of study. Recently, the emphasis of interest has changed from that in

traditional fluid mechanics.  This change is taking place mainly due to two reasons.

Firstly, with the development of fast and large-capacity computing technology, numerical

methods have become a powerful tool for fluid mechanists. In fact, it has developed to a

new field of flow study, the computational fluid dynamics (CFD). Secondly, the

microscopic fluid flow study (microfluidics) is rapidly expanding, motivated by the

demand from biomedical study and chemical analysis, and made possible by the

micromachining technology developed over the past decade [1,2,3,4]. Finally, the active

control of fluid flows has recently become a hot topic in fluid mechanics [5,6,7,8], as

opposed to the passive control in the past [9,10,11]. This is because of the emerging CFD

and also the fast development of available hardware, due to the availability of the

microfabrication technology.

1. 1 Fluid Mechanics Measurements

Some form of flow measurements are always required to improve our understanding

of the physical processes in turbulent and three-dimensional flow systems, as well as to

determine the flow quantities needed in a variety of industrial applications. Even the

advent of sophisticated numerical methods in CFD for studying and predicting turbulent

flow has not diminished the requirement for flow measurement, but rather enhanced this
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need because the development of turbulence models still requires much experimental

input and eventually verification in many different flows.

Many different flow parameters are required to describe fluid flows. The most

important ones are pressure, p, and flow velocity, U.  From these two parameters, many

other physical parameters can be computed for a single-phase flow. For example, the lift

force is a function of pressure; the surface shear stress is proportional to the normal

gradient of the flow velocity on the surface; the volumetric flow rate is the integral of the

flow velocity over a cross-sectional area. This is probably why pressure sensors and flow

velocimeters (hot-wire and hot-film anemometers, Laser-Doppler Velocimeter) are the

most widely used instruments in fluid mechanics measurement.

In reality, however, measurement of the spatial and temporal distribution of pressure

and velocity is complicated and sometimes, not possible. Meanwhile, this type of

measurement and correlation is not always necessary in order to know a specific physical

parameter. For example, it is possible to perform shear stress and volume flow rate

measurements without knowing the flow velocity field. This is why there exist many

other instruments besides pressure sensors and flow velocimeters such as shear stress

sensors and flow meters.

1.2 Flow Control

1.2.1 Basic Fluid Mechanics Concept

Some basic fluid mechanics notations that are used in this section and throughout the

thesis are briefly explained here.

Laminar and Turbulent Flow In laminar flow, fluid particles move very smoothly

parallel to each other. There is basically no mixing between different layers of fluids.

Therefore, a dye stream injected in a laminar flow field would move in a thin line. Low

velocity flow in a smooth channel is usually laminar.
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Turbulent flow is an irregular condition of flow in which fluid particles move

randomly and the various quantities show a random variation with time and space

coordinates, so that statistically distinct average values can be discerned [12]. Usually

turbulent flow occurs at high velocity. Much effort has been spent in the study of this

difficult topic in fluid mechanics. For example, computational fluid dynamics has been

introduced to study and predict turbulence. In addition, experimental methods are also

used to investigate the turbulence structures and explore the possibility of turbulence

manipulation.

Boundary Layer and Shear Stress Boundary layer is defined as the thin layer of

viscous fluid adjacent to the solid surface which has a velocity shear. The velocity u is

zero at the surface and increases with increasing distance (y) from the surface. The

boundary layer thickness δ is defined as the normal distance from the surface to a point

where the local fluid velocity is 99% of the free stream velocity. Boundary layers are

thinner at the leading edge of a flat plate or the entrance of a pipe and thicker toward the

trailing edge. Flow in boundary layers is generally laminar at the leading or upstream

portion and turbulent in the trailing or downstream portion. Inside the turbulent boundary

layer, there is an extremely thin layer of fluid attached to the surface called the viscous

sub-layer in which the velocity distribution in direction normal to the surface is linear.

The shear stress in laminar flow is defined as

τ μ ∂
∂

=
=

u

y y 0

(1.1)

and the shear stress in turbulent flow is defined as

τ μ ρε ∂
∂

= +
=

( )
u

y y 0

(1.2)

where ε is the eddy viscosity. The shear stress in turbulent is higher than that in laminar

flow not only because of the eddy viscosity, but also because of the high velocity gradient

in the viscous sub-layer.
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Reynolds Number In discovering the difference between laminar and turbulent flows

in 1883, Osborne Reynolds noted that the quality of the flow in a pipe of diameter D

depended on the dimensionless parameter UD/ν, where U is the average fluid velocity,

ν μ ρ≡  is the kinematic viscosity, μ is the dynamic viscosity, and ρ is the density of the

fluid. More generally, the Reynolds number is defined as

Re = Ul

ν
(1.3)

where l is the characteristic length scale. In a pipe flow, the flow is usually turbulent for

Re > 2000. In flow over a flat plate, when the plate length is taken as the characteristic

length, the transition from laminar to turbulent commonly occurs at 3×105 < Re < 6×105.

Two flows are considered to be similar if their Reynolds numbers are identical in a

geometrically similar, incompressible (ρ = constant) pipe flow.

Flow Separation For a flat plate submerged in a flow, the boundary layer remains

attached to the surface and grows throughout its length. However, this is not always the

case when the fluid path is oblique to the surface [13]. For example, for the blunt-nosed

body of Figure 1.1(a) the boundary layer detaches, separating from the surface at the up-

stream end and produce a wake, while for the round-nosed body of Figure 1.1(b), the

boundary layer remains attached to the surface. The airfoil of Figure 1.1(c) experiences

accelerating flow from point A to B and deceleration from point B to the trailing edge. At

point C, known as the separation point, the velocity gradient is zero, i.e.,

∂
∂
u

y y =
=

0

0 (1.4)

and the flow actually reverses in direction between point C and D. The corresponding

pressure gradients shown in the figure come from the Bernoulli’s equation in potential

flow theory. Separation can only occur in decelerating flow. Beyond the separation point

the pressure gradient is said to be adverse. From Eq. (1.1), one would conclude that the

shear stress at a separation point is zero. However, this is true only in two-dimensional
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flow. For three-dimensional flow, the shear stress usually has a local minimum at the

separation point, because there may still be a gradient of the velocity component in the

second dimension.

Separated
flow

dP

dx
> 0

dP

dx
< 0

(a) (b)

(c)

Attached boundary layer

Separated
boundary layer

Wake

Wake

A
B

C

Figure 1.1 Flow over (a) blunt-nosed body, (b) round-nosed body and (c) airfoil.

1.2.2 Flow Control

Flow control is currently attracting increased attention in connection with a variety of

applications. In flow control application one may want to destabilize the flow, in order to

achieve better mixing, or to stabilize the flow in order to eliminate undesirable unsteady

loads. Several studies have appeared on the subject, and one can classify the techniques

used into two major categories: passive control, in which flow control is achieved by
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altering the geometry of the flow; and active control, in which a time-dependent forcing is

applied to the flow, by means, for instance, of a loudspeaker.

Passive control can suppress unsteadiness in a flow [14,15,16]. In practical

application, however, no matter how careful the design is, flow separation and

unsteadiness behind moving bodies are often unavoidable because of maneuvering

motion, or encountering ambient turbulence.

Active control can be divided into open-loop schemes, in which the forcing is a

prescribed function of time, and closed-loop schemes, in which the forcing is a function

of some real-time measurement of the response of the flow. Open-loop schemes rely on

an accurate knowledge of the basic fluid mechanics of the problem in order to prescribe

the appropriate forcing function for the controller [17]. In closed-loop schemes, on the

other hand, a sensor is placed in the flow field, and its output, after going through a

controller, is fed back into the actuator [18]. Closed-loop schemes thus do not necessarily

require the detailed knowledge of fluid mechanics that open-loop schemes do.  However,

in addition to the issue of closed-loop stability, the very important question of

observability of the flow remains open. In fact, Roussopoulos [19] recently presented

convincing evidence that, when a single sensor is used, the flow is not observable, in the

sense that unsteady patterns are present without being detected by the sensor. Therefore,

in order to perform closed-loop active control, it is essential to have a large number of

sensors for the detection of flow patterns.

1.3 MEMS and Its Application in Fluid Mechanics

The emerging micro-electro-mechanical system (MEMS) technology has been used to

fabricate mechanical structures in micrometer scales, such as beams, diaphragms,

grooves, orifices, sealed cavities, pyramids, needles, springs, gears, joints and motors. It

provides us with micro-sensors and micro-actuators which match the length scales of the

investigated phenomena in the exploration of all areas of science so that enough spatial

resolution can be achieved for sensing and effective momentum and energy transfer to the
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controlled subjects can be accomplished for actuation. Furthermore, these miniature

transducers can be integrated with microelectronics to complete the loop of sensing,

information processing, actuation and sensing on a single chip. This type of mass-

producible systems enables us to perform real-time control of time-varying events

common in fluid dynamics.

The basic MEMS fabrication techniques includes bulk and surface micromachining,

wafer bonding and micromolding (LIGA). Detailed information about MEMS fabrication

techniques can be found in many excellent reviews papers [20,21]. Here, silicon bulk and

surface micromachining technologies are briefly introduced because they will be used

throughout the thesis. Moreover, the materials commonly used in these technologies and

the compatibility issue of the MEMS processes with microelectronics will be discussed.

Finally the potential MEMS applications in fluid mechanics are listed.

1.3.1 Silicon Micromachining

Si micromachining technology is dominant in the fabrication of MEMS devices

because of its similarity with the Si microelectronics fabrication technology. As a matter

of fact, it is regarded as being derived from IC technology. Historically, Si

micromachining is divided into two categories, bulk and surface micromachining.

Bulk Micromachining Silicon bulk micromachining uses wet and dry silicon etching

techniques, with etch masks and etch stops, to sculpt mechanical devices from a silicon

wafer. The mixture of hydrofluoric acid, nitric acid and acetic acid (HNA) is an isotropic

silicon etchant with silicon nitride as the etch mask. Certain other chemicals, such as

ethylene-diamine-pyrocatechol with water (EDP or EPW), tetramethyl ammonium

hydroxide (TMAH), hydrazine solution and potassium hydroxide (KOH) solution, etches

in (100) and (110) silicon crystallographic directions much faster than in the (111)

direction, which allows the design of microstructures to be naturally bounded by {111}

crystalline planes. Silicon dioxide and silicon nitride generally have very low etch rate in

these anisotropic etchants and make good etch masks. The vertical etch stop can be

heavily boron-doped layer buried under epitaxial layer, silicon dioxide in SIMOX wafers
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and p-n junction (for electrochemical etching). It is generally agreed that Si bulk

micromachining using wet chemical etching is a mature technology and many Si

microstructures including beams, diaphragms, nozzles, etc. have been made. These

microstructures have formed the building blocks of many MEMS devices.

Nevertheless, there are some disadvantages for bulk micromachining using wet

anisotropic etching. For example, the geometry that can be made by are generally limited

by the silicon crystalline orientations; bulky corner compensation structures are often

needed in order to make convex structures such as beams; the choices of etch masks are

extremely limited. In contrast, dry etching processes do not have these problems and have

recently attracted more attention. These include laser drilling, reactive ion etching (RIE),

ion milling and even micro electro-discharge-machining (EDM).

Surface Micromachining In silicon surface micromachining, microstructures are

fabricated on the surface of the Si substrate by consecutive deposition and patterning of

thin-film structural and sacrificial layers. The Si substrate, however, only serves as a

mechanical support and usually does not participate in the processing. At a certain stage,

the sacrificial layers are removed by wet or dry etching that does not attack the structural

layers. Silicon dioxide is the most often used sacrificial materials, while polysilicon and

some metals are occasionally used as sacrificial materials. The most common structural

materials are polysilicon and silicon nitride.

1.3.2 Integration with IC

The integration of MEMS devices with IC has many advantages. First, it can greatly

reduce the total number of external electrical leads. This is especially important for a

distributed control system where a large number of sensor arrays are involved. Second, on

chip electronics reduces the electromagnetic interference from outside and parasitic

effects from the external leads. Finally, since integration is a batch fabrication process, it

saves time and reduces the production cost.

The integration of MEMS devices with IC is also very challenging because they

usually do not share the same fabrication process. It requires careful design of the whole
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fabrication process to ensure good compatibility. Major considerations should be on the

sequence of the processing steps, effect of high temperature post-processing on the

electronics, protection of fabricated devices during the fabrication of other types of

devices and the effect of surface profile of fabricated devices on the fabrication of other

types of devices.

1.3.3 MEMS in Fluid Mechanics

Many MEMS devices have been developed in the past decade for fluid flow study,

including pressure sensors and various types of flow sensors. Among them, Si

piezoresistive pressure sensors have been successfully used in fluid mechanics

measurements. Other devices, such as MEMS anemometers developed by other

researchers, do not have comparable performances as their conventional counterparts.

This does not mean that MEMS technology is not suitable for fluid mechanics. It only

implies that more effort needs to be put in their development. In fact, MEMS technology

can be used to solve the most difficult problems in fluid mechanics such as flow control

[22,23,24,25]. The reason is twofold. First, the flow structures are generally small. As we

pointed out earlier, length scale matching between the transducers used and the

investigated phenomena is essential. Therefore, the transducers used in flow control have

to be small. Second, the capability of providing large numbers of sensors and actuators by

MEMS technology allows us to perform active distributed control, which is the only

effective way of flow control due to the distributive nature of the flow. This potential,

however, remains to be explored.

1.4 Overview of Chapters

Chapter 2 describes the design and fabrication of micromachined polysilicon hot-wire

anemometers. These hot wires have the same basic structure as that of a conventional hot

wire, but with greatly reduced dimensions. They are different from many existing surface

mount micromachined hot-wires which can only be used to measure the velocity a few
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microns above the surface. Many performances including the sensitivity and frequency

response are improved. More importantly, they are batch-fabricated and mass-producible,

as compared to the painstaking manual fabrication of conventional hot wires. A thorough

calibration has been presented to validate the use in flow velocity measurement.

Chapter 3 presents the design and fabrication of the vacuum-isolated flush-mounted

hot-film shear-stress sensor. Detailed heat transfer analysis for this special structure

combined with calibration results has clarified the applicable dynamic range of the

sensor. The theoretical model also points out possible improvement on the performances

of this type of sensors.

As a demonstration of the application of the micromachined shear stress sensors, we

have fabricated an array of such sensors to map out the wall shear stress distribution in a

fully-developed 2-D channel flow. The use of the shear stress sensor array for underwater

measurement has also been explored. These are all presented in Chapter 4.

Chapter 5 is dedicated to the integration of the shear stress sensors, micromachined

micro-actuators and the CMOS control electronics for turbulent flow drag-reduction

study. Emphasis is on the compatibility of the processing steps for the shear stress sensor

with those for the other two types of devices.

Chapter 6 describes our effort on the development of a new microfabrication

technology that enables the integration of MEMS devices, including CMOS electronics,

on a flexible polyimide skin. The major lead failure that occurred in previously-reported

technologies has been eliminated through the proper shaping of Si islands.  Moreover, Si

islands as small as 100 μm can be defined with good accuracy, which allows the skins to

be applied on small surfaces with large curvatures. The first application of this

technology in aerodynamics has produced a flexible shear stress sensor array that was

used for the real-time measurement of the shear stress distribution on 3-D surfaces.
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  Chapter 2

Micromachined Hot-Wire Anemometers

2.1 Introduction

A hot-wire anemometer is a device for measurement of air flow velocity, velocity

fluctuation, and sometimes flow direction. In a typical hot-wire anemometer, there is a

small-diameter, temperature-sensitive, resistive metal wire which is heated by passing an

electric current through it. When exposed to a gas flow, the heated wire loses heat to the

flow by convection and its electrical parameters such as voltage change. The velocity of

the flow is then correlated to the measurement results of those parameters. Typically, the

electrical arrangements are in either a constant current (CC) mode or a constant

temperature (CT) mode. The CC mode is easy to implement but the CT mode performs

better and hence is widely used. The documented use of hot-wire anemometer can be

traced back to more than 80 years ago [1] and numerous forms of hot-wire anemometers

have been devised.  Nowadays, they are simply the most popular flow instruments used

for laboratory fluid mechanics study. The main reason is because of their unique

advantages of  being simple, small,  highly sensitive and relatively inexpensive.

Figure 2.1 shows an example of today’s typical hot-wire anemometers used for wind-

tunnel flow measurements. A metal wire is welded or soldered to two metal needles that

are molded to a probe body. The wire is often made of platinum,  tungsten or some

special alloy. The size of the wire is about 5 μm in diameter and 1mm in length. It can

have a resistance ranging from 10 Ω to 30 Ω  and a temperature coefficient of resistance

(TCR) about  0.1%/°C at room temperature. Such a wire would normally need a current

from 10 to 40 mA to operate and a  cut-off frequency of the anemometer in the tens of

kHz range is obtainable using high speed electronics [2,3,4,5].
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Wire Sensor 

Support Shanks 

Probe Body 

Figure 2.1 Schematic of conventional hot-wire probe.

Nevertheless, there is a major disadvantage of this type of hot wire anemometers; they

need to be individually hand-assembled. This also means that it is difficult to build an

array of wires for the simultaneous measurements of velocity distribution. In addition,

because the wire dimensions do vary significantly, hot-wire probes are often not

interchangeable without major re-calibration of the whole instrument.

As a result, to improve hot-wire anemometers, one can then look into three directions.

First,  future anemometers should be further down-sized.  Since the spatial resolution of

the anemometers for flow velocity distribution measurement is determined by its

dimensions, it is advantageous if the wire size can be further reduced. This would also

decrease power consumption and thermal interference to the flow and increase frequency

response. However, the traditional technique can no longer make smaller hot wires with

reasonable consistency. Second, techniques to build arrayed hot-wires should be

developed. Third, new fabrication processes should avoid hand assembly and allow the

mass production of the devices. Considering these requirements, our group then has

conducted research on applying silicon micromachining technology to the manufacture of

smaller and better hot-wire anemometers.

Silicon micromachining is a relatively new technology that is derived from VLSI

technology [6] for making micro-electro-mechanical devices [7,8]. This is a proven

technology for making chip-type or chip-supported free-standing-wire flow sensors

[9,10,11,12]. Interestingly, though, no one has worked on micromachined hot-wire

anemometers that possess the optimal features of a free wire in space without anything

nearby except the two support shanks so that maximum thermal isolation and minimum
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flow disturbance are obtained.

We present our work on the batch-fabricated and further down-sized hot wires that

simulate the real structures of a conventional hot wire anemometer. Our hot wires are

made with a new process that combines both surface and bulk micromachining

technologies [13,14,15], and precisely doped low-pressure-chemical-vapor-deposited

(LPCVD) polysilicon is used as the new wire material. Extensive electrical and wind-

tunnel characterizations of these devices have been done and it is confirmed that these

micron-sized hot wires do have much improved spatial resolution, sensitivity, and

frequency response.  In the following, we will discuss their design and fabrication, steady-

state characteristics,  dynamic characteristics, and directional dependency based on our

experimental results.

2.2 Design and Fabrication

2.2.1 Structures and Materials

Our micromachined hot-wire anemometers have a structure similar to that of

conventional hot-wire anemometers. It consists of a sensing wire, two parallel supports, a

Si beam, and the thick Si handle, as shown in Figure 2.2. The Si beam acts as a thermal

and mechanical buffer between the supports (0.5 μm thick) and the handle (500 μm thick)

to avoid interference with the flow. The sensing wires are about 0.5 μm thick, 1 μm wide,

10-160  μm long, and are free standing to optimize the interaction with the flow and to

minimize the thermal conduction to the handle. Heavily doped polysilicon, instead of

platinum or tungsten, is used as the sensing and supporting material because of its

compatibility with existing micromachining technologies and because of its good

electrical and mechanical properties. For example, its Young’s modulus is about 165 GPa

and its TCR is 0.1-0.2%/oC. The metal leads may extend all the way to the tips of the

support shanks to reduce the voltage drop.
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Figure 2.2 Schematic of the micromachined hot-wire probe.
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Figure 2.3 The temperature coefficient of boron doped (2×1020cm-3) polysilicon resistors
(50 squares) under different deposition and annealing conditions.

It has been reported that polysilicon, deposited in an amorphous state at low

temperature and then crystallized at high temperature, has more controllable qualities

than as-deposited polysilicon with the deposition temperature at 620oC [16]. We choose

to use the former polysilicon, and its electrical properties were calibrated before the

fabrication of our anemometers. It is found that the TCR is about 50% higher and the

resistance-temperature characteristic is more linear than the normal polysilicon
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(deposited at 620oC) at a doping concentration of 2×1020 cm-3, as shown in Figure 2.3.

Moreover, the stress distribution in this polysilicon along the depth is much more

uniform, as we will see from the SEM picture in the discussion section. The calibration

results also show that 2×1020 cm-3 is the doping concentration which gives the lowest

sheet resistivity (resistivity divided by film thickness) of 30 Ω/square and highest positive

TCR, and therefore, is the optimum doping concentration for hot wires.

2.2.2 Fabrication Process

Two generations of anemometers have been fabricated at the Caltech Micromachining

Lab. The first generation has silicon nitride encapsulating the polysilicon wire and

support shanks. The polysilicon wires of the second generation are directly exposed to air

and consequently the frequency response is improved by an order of magnitude. Figure

2.4 is the simplified fabrication process flow with cross-sections. The detailed process

steps are listed in Appendix A.

The fabrication process starts with the deposition of 0.2 μm low-stress silicon nitride

and 2 μm low temperature silicon dioxide (LTO) on (100) Si wafers with a 70 μm lightly

doped epitaxial layer on top of a 8 μm heavily boron-doped etch stop layer. A 0.6 μm

thick amorphous Si layer is deposited at 560oC and doped by boron ion implantation with

a dose of 1×1016 cm-2 at energy of 80 keV. Annealing is done at 1100oC, followed by the

patterning of polysilicon by Reactive Ion Etching (RIE). This results in 0.5 μm thick

polysilicon resistors with a uniform boron concentration of 2×1020 cm-3. After the

aluminum or gold metallization, a 3 μm LTO is deposited at 450oC, and the front-side

and backside Si substrate windows are opened using both wet and dry (plasma) etchings.

A 10 hour EDP anisotropic etching at 95oC removes the Si underneath the polysilicon

probe. Finally, RIE etching and pad etchant are used to strip the heavily doped boron

layer, nitride and LTO layer respectively. Figure 2.5 shows the SEM pictures of the tips

of some hot-wire anemometers fabricated using this process, and Figure 2.6 is the

photograph of the tilted devices, which corresponds to the sketch in Figure 2.2.
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Figure 2.4 Simplified process flow with cross-sections for the fabrication
of the micromachined hot-wire anemometers.
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(a) (b)

Figure 2.5 SEM pictures of (a) a 70 μm long hot wire and (b) a multiple-wire probe.

Silicon beam

Polysilicon wire Soldering pad

Silicon handle

Figure 2.6 Photograph of tilted hot wires.

2.2.3 Corner Compensation

It is worthwhile to discuss more about the Si anisotropic etching used in this process.

The convex corners of a single crystal silicon structure consist of crystallographic planes

with different orientations. Among them, the (211) plane has the fastest etching in Si

isotropic etchants such as EDP and TMAH. As a result, the convex corners is undercut at

a significant rate and the final structure may be very different from what has been

designed. The solution is to add compensation structures to the corners on the mask to
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structures on the front side can be much shorter, thus greatly reducing the bad effect of

non-uniform etching.

2.2.4 Packaging

After the fabrication process is finished, each individual probe is connected to the

wafer frame or other probes by four 70 μm thick narrow Si beams and can be easily

separated by hand without causing  damage to the delicate probes. The package of the

anemometers is a ceramic tube a few centimeters long and 3 mm in diameter. The

anemometer handle is soldered with electrical cables, placed inside the tube and then

epoxy-fixed. During handling, all mechanical vibrations are avoided so as not to damage

the wires. Figure 2.8 shows the prototype of a packaged anemometer. This is, of course,

the very preliminary packaging scheme for laboratory testing purpose only. More delicate

packaging can be developed, such as using thermal compression wire bonding, etc..

 Hot wire Ceramic tube Electrical connector

Figure 2.8 Prototype of packaged hot wires.

2.3 Steady-State Characteristics

2.3.1 Operation Modes and Operating Points

Traditionally, there are two operation modes for hot wires. One is the constant current

(CC) mode and the other is the constant temperature (CT) mode. The CC bias circuit is

very simple and always stable due to the lack of feedback. It does not generate much

noise in the output.  However, its low frequency response (only a few hundred Hz for
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conventional hot wires) has limited  its use to very few occasions. CT bias, on the other

hand, uses the most advanced feedback electronics to achieve high frequency response. It

is the dominating operation mode of practical hot wire anemometers, even though the

circuit is less stable and more noisy. However, for our new micromachined hot wires, it is

important that we investigate their characteristics in both CC and CT modes because this

would help us understand the new hot wires more completely.

The acceptable operating temperature range of hot wires determine the operating

points. The wire has to be heated up to certain temperature well above the ambient in

order to have reasonable sensitivity to velocity. However, that temperature can not be too

high so as to burn the wire or cause deterioration and constant drift in material properties.

For polysilicon, the operating temperature should be kept below 250oC, even though  its

melting temperature is around 1400oC. Therefore, a reasonable operating temperature

range of our hot wires in air should be 100 - 250oC, which corresponds to resistance over-

heat ratios (defined as a
R R

RR
a

a

=
−

, where R is the wire resistance at the operating

temperature, Ra is the wire resistance at the ambient temperature) of 0.15 - 0.35.

2.3.2 Sensitivity to Velocity

The steady-state characteristics of hot wires with lengths between 20-160 μm have

been measured in wind-tunnels. For example, Figure 2.9 and Figure 2.10 are the

responses of an 80 μm long hot-wire anemometer at different over-heat ratios without any

electronic gain in CC and CT modes, respectively. As a comparison, Figure 2.11 gives the

responses of a conventional hot wire 1 mm in length and 5 μm in diameter in CC mode.

The two types of hot wires needs about 2-3 mW and 4-8 mW respectively to reach the

over-heat ratios of 0.15-0.35. The significantly smaller power consumption of our hot

wire is mainly due to its smaller size. Furthermore, our hot wire only needs less than 1.5

mA of bias current, while the conventional hot wire needs more than 10 mA. This is

because our hot wire has much higher resistance as well as smaller size (less power).
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Since almost all commercial operational amplifiers can supply a few mA of current, the

current booster used in most conventional hot wire anemometer circuits can be omitted

for our hot wire. Finally, and most importantly, our hot wire is more sensitive than the

conventional one. This is simply because the output voltage is proportional to the square

root of  wire resistance, i.e., V PR= , when the total power P is given.
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Figure 2.9 Output characteristics of a 80 μm long hot wire in CC mode.
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Figure 2.11 Response of a conventional hot wire (5 μm in diameter, 1mm in length) in
CC mode. The currents are 10 mA, 13 mA and 14 mA respectively for over-heat ratios of
0.15, 0.25 and 0.35.
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Figure 2.12 shows the absolute and normalized output voltages at a flow velocity of 27

m/s for hot wires with lengths from 20 μm to 160 μm in CT mode with aR = 0.25.  It is

obvious that longer (larger aspect ratio) hot wires are more sensitive than shorter ones.

This is one of the reasons why conventional hot wires always have large aspect ratio ( >

200).  However, for the micromachined hot wires, even the short ones have reasonable

sensitivities. For example, the output of a 20 μm long hot wire in CT mode at a velocity

of 27 m/s is about 200 mV. According to the trend of the data in Figure 2.12, the output

for a 10 μm hot wire should be over 100 mV. Unfortunately, the experimental data is not

available for hot wires of this length.
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Figure 2.12 Output voltages at the air flow velocity of 27 m/s for hot wires with different
lengths in CT mode.

2.3.3 King's Law

To interpret the above experimental results, we have to work out the theoretical

relationship between the hot wire output and flow velocity using heat transfer theory. In
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steady state, power generation and heat dissipation of a hot wire is balanced, i.e.,

P
V

R
K U T Teff a= = −

2

( )( ) ( 2.1)

where R is the wire resistance, V is the voltage across the wire, T is the average wire

temperature, Ta is the ambient temperature, U is the flow velocity, and Keff(U) is the

effective heat transfer coefficient. In a laminar flow, King's law applies,

K U K K Ueff
n( ) = +0 1 (2.2)

where K0 is the heat transfer coefficient which takes into account conduction, radiation

and free convection and is not a function of U, and K1U
n represents forced convection by

the boundary layer flow. The exponent n depends on the hot wire structure and is

approximately 0.5 for conventional hot-wire anemometers.

Assuming linear change of wire resistance with temperature, we have

R R T TR= + −0 01[ ( )]α (2.3)

where R0 and αR are the resistance and the temperature coefficient of resistivity (TCR) at

the reference temperature T0. Therefore,

T T
R R

R
a

a

R

− =
−

α 0

(2.4)

and Eq. (2.1) becomes

V

R
K U

R R

Reff
a

R

2

0

=
−

( )
α

(2.5)

In CC mode, the current is kept constant. Therefore,

V

R

V

a RR a

=
+

0

01( )
(2.6)

where V0 and aR0 are the output voltage and over-heat ratio at U = 0, respectively. The

following expression for K0 can be derived from Eq. (2.5) at U = 0,
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K
R V

a a R
R

R R a
0

0 0
2

0 0
21

=
+

α
( )

(2.7)

This equation means that, for a given K0 and aR0, the voltage is larger for higher

resistance wires. Combining Eqs. (2.5)-(2.7), it is easy to show that

V
AU

a AU
V

n

R
n

= +
+ +

1

1 1 0
0

( )
(2.8)

or

V V
a AU

a AU
VR

n

R
n

− = −
+ +

0
0

0
0

1 1( )
(2.9)

where A
K

K
= 1

0

.  Eq. (2.9) shows that the output voltage of a hot wire with positive TCR

decreases with increasing flow velocity. The higher the over-heat ratio, the faster the

decrease.

In CT mode, R is kept constant and Eq. (2.5) can be written as

V AU Vn2
0

21= +( ) (2.10)

Usually, the circuit in Figure 2.13 is used to realize the CT operation and the voltage

across the Wheatstone bridge Vout, rather than the voltage across the hot wire V, is

measured. Then,

V V AU Vout
n= = +β β( )1

1

2
0 (2.11)

where  β = +1 2

3

R

R
  is the bridge gain.
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Figure 2.13 Simplified constant temperature bias circuit.

Eqs. (2.8) and (2.11) have been used to fit the experimental data in Figs. 2.9-2.11. The

ratio of K1 to K0, i.e., the constant A in Eqs. (2.8) and (2.11) is found to be 0.10 for the

micromachined hot wire and 0.15 for the conventional hot wires. This means that the

conventional hot wire has higher percentage of total heat being convected to the flow than

the micromachined one. It is simply because the conventional hot wire has much higher

aspect ratio and hence less conduction loss to the support needles. On the other hand, the

fitted value of the exponent n to velocity U for our hot wire and for the conventional hot

wire in CC mode are 0.77 and 0.50 respectively. Thus, in comparison with the

conventional hot wire, our hot wire has a more linear response and less degradation in

sensitivity in the high velocity regime than the conventional anemometer. Previously

[17], we suspected that the unusual  n value for our hot wire might be caused by the non-

circular cross section of our hot wire [18]. However,  n and A for the micromachined hot

wire in CT mode has been found to be 0.50 and 0.143, respectively. Then the question is

that which fitted value truly represents the exponent n to velocity U in King’s law. In

order to answer this question, we need to re-examine the fitting equations and the fitting

process. We considered A to be not a function of the flow velocity. This assumption

stands for hot wires with larger aspect ratios, where K0 and K1 are independent of wire
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temperature, or, for hot wires in CT mode, where the wire temperature is kept constant.

However, for hot wires with small aspect ratios in CC mode, significant conduction heat

loss to the supports exists, which in turn causes non-uniform temperature distribution

along the wire. K0 and K1 may thus depend on the wire temperature, which changes with

flow velocity in CC mode. This effect may have been reflected through the different

fitting values of n in CC and CT modes.

2.4 Dynamic Characteristics

2.4.1 Time Constant Measurement

In addition to steady-state response, dynamic response of an anemometer is also

important especially for large Reynolds number flow measurements. In fact, the greatest

advantage of the micromachined hot wires should be their improved bandwidth due to

their extremely small sizes or low thermal masses.

The time constant can be determined by superimposing a small signal (square wave or

sine wave) on a constant bias current. Figure 2.14 shows the CC bias circuit that we used

to measure our hot wires. The square wave is used if the hot wire has only one thermal

time constant. This is often true for hot wires with aspect ratios larger than 200 [4]. For

example, Figure 2.15 shows the square-wave response of a hot wire with aspect ratio of

200. The slow increase or decrease following the abrupt jump in the output is the thermal

delay. τ is simply the time duration for the output change due to the thermal effect to

reach 63% of its total, as shown in Figure 2.15.
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Figure 2.14 The constant current anemometer circuit for time constant measurement and
wind-tunnel testing.
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Figure 2.15 Square wave response of a 200 μm long hot wire in CC mode.

On the other hand, if the aspect ratio of a wire is less than 200, its thermal response

may have two time constants. One (τ2) is associated with the sensing wire and the other

(τ1) with the wire support shanks. In this case, the square-wave method may not be

accurate, and using sine wave signals to do the measurements in the frequency domain is

suggested. Figure 2.16 shows the measured total resistance of a 10 μm long wire as a

function of frequency. Since the two time constants are different by more than an order of

magnitude, this resistance can be accurately modeled by,

r = R +
r

s
1

1 11

2

2+
+

+τ τ
r

s
(2.12)
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where R is the dc resistance, r1 and r2 are the amplitudes of the resistance change caused

by ac heating effects. Fitting Eq. (2.12) into the experimental data in Figure 2.16 then

gives the two thermal time constants. For our hot wires, the ratio of r2 to r1 increases with

the wire length l. The time constant associated with the support shanks, τ1, always ranges

between 100 μs and 300 μs because of the fixed geometry design.
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Figure 2.16 AC resistance change of a 10 μm long hot wire in the frequency domain.

2.4.2 Transient Analysis

In principle, the heat transfer is a three-dimensional problem. However, because the

dimension of the wire in x direction is much larger than those in y and z directions, we

can reasonably assume that temperature is not a function of y and z and the problem is

simplified to a one-dimensional heat transfer.

For a wire with length l, width w and thickness d at some time t and  position x from

one end (see Figure 2.21), the sum of the heat absorbed by a unit length wire and the heat

flowing into it through thermal conduction and convection in unit time must be equal to

the ohmic heat [19], i.e.,
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where ρ = 2.32 g/cm3, cp = 0.7 J/(g⋅oC), ρ0 and κpoly are the density, specific heat,

resistivity, and thermal conductivity of polysilicon, respectively, J is the current density,

and h is the convective heat transfer coefficient of the wire. The above differential

equation can be solved with the boundary conditions T(0,t) = T(l,t) = Ta and initial

condition T(x,0) = Ta, assuming that the two support shanks are perfect heat sinks. The

solution is a multiple-mode response. The first mode determines the time constant,

τ τ τ τ τ2 21 22 21 22= +/ ( ) (2.14)

with

τ
ρ

α ρ
21

2
0

2
=

− + +
c

J
h w d

wd

p

R
( )

(2.15)

and

τ
π

ρ
κ22

2= ( )
l cp

poly

(2.16)

It can be seen from the above expressions that the time constant is due to two

components: convection time constant τ21, which dominates for long wires, and

conduction time constant τ22, which dominates for short wires.

The measured τ2 for our wires with lengths from 20 μm to 160 μm is shown in Figure

2.17 with the theoretical fitting from Eq. (2.14). h = 0.65 W/(cm2⋅oC) and κpoly = 0.26W/(

cm2⋅oC) (0.34W/(cm2⋅oC) reported by Tai et al. [20]) are the fitting parameters. It is clear

that when l is small, the conduction time constant τ22 dominates and that τ2 increases

parabolically with l. If l is large, the convection time constant τ21 dominates and τ2

becomes a constant. As expected, the shortest wire (10 μm long) gives the smallest τ2 of 4

μs. This corresponds to a bandwidth of 40 kHz, which is a significant improvement over

conventional hot wires (typical bandwidth of 700 Hz).
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Figure 2.17 Time constant in CC mode of the micromachined hot wires with different
wire lengths.

2.4.3  Constant Temperature Operation

Since the constant temperature operation of hot wires involves negative feedback, it

significantly improves the frequency response over the CC mode. Figure 2.13 shows the

circuit for our CT frequency response measurement. It is basically a Wheatstone bridge

with a feedback operational amplifier. The ratio between R2 and R3 determines the dc

gain, while R1 is used to adjust the over-heat ratio or operating temperature of the hot

wire. Rr and Vr are introduced here to adjust the stability of the circuit, i.e. the quality

factor Q in this second-order system. The characteristic equations for the hot wire, the

operational amplifier and the bridge are as follows,

τ d R t

dt
R t ai t bu t

Δ Δ( )
( ) ( ) ( )+ = + (2.17)

M
dv t

dt
v t A v to

o i
( )

( ) ( )+ = 0 (2.18)
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where ΔR t R t R( ) ( )= − , a a R R R VR o= +2 1( ) / , i(t) is the current through the hot wire,

u(t) is the flow velocity fluctuation, M and A0 are the time constant and dc open loop gain

of the operational amplifier. The output voltage vo(s) in frequency domain can be derived

from these characteristic equations,

v s

G
s

v s S u s

s

Q
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is the natural frequency of the system,
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is the quality factor and can be adjusted by varying Vd,

G
a

R R

R
v

R t

= + +
( )1

1

2
1 (2.25)

is the dc gain to the electrical testing signal vt, and
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is the sensitivity to flow velocity signal. The system is normally biased into the critical

damping state by adjusting Q to 0.5 to maximize the usable bandwidth.

According to Eq. (2.21), if the response to the electrical signal vt is measured, the

response to the velocity signal u can be predicted. Therefore, the electrical signal vt is

often used to calibrate the dynamic response of CT anemometers as sine or square wave

velocity signals are difficult to obtain experimentally. However, when doing velocity

measurements, the electrical signal must be disconnected. It is worth noting that the gain-

bandwidth product of the operational amplifier can limit the bandwidth of the overall

circuit. To maximize the bandwidth, a high speed operational amplifier should be used.

In the case that a hot wire has two time constants, the CT anemometer will behave as a

third-order system. This will make frequency response measurement and analysis much

more difficult. Fortunately, our anemometers always have r2/τ2 much larger than r1/τ1 (at

least by an order of magnitude) so that Eqs. (2.21-2.23) can still be used with τ replaced

by τ2.

As an example, LM6365, a very high speed operational amplifier with gain-bandwidth

of 700 MHz is used with a 10 μm long hot wire to constitute an CT anemometer system.

The resistance ratio of R2 to R3 is set to one. The over-heat ratio is adjusted to 0.3. Figure

2.18 shows the measured frequency response to vt together with its theoretical fitting

curve and the calculated response to velocity signal from Eq. (2.21). System bandwidth of

1.4 MHz is identified. This is further verified by the square-wave response shown in

Figure 2.19 where the bandwidth is approximately 1/(1.3t1)=1.4 MHz, with t1 = 0.5 ~ 0.6

μs as the peak width of the response curve [4]. Furthermore, Eq. (2.23) can be used to

calculate the bandwidth. The result is 1.6 MHz, which is in good agreement with the

measured value.
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Figure 2.18 Frequency response of a 10 μm long hot wire in CT mode.
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Figure 2.19 Square wave response of the 10 μm long hot wire in CT mode.

Finally, Figure 2.20 shows the bandwidth of hot wires with different lengths. The

bandwidths for the hot wires with large aspect ratios are around 500 kHz. During the

measurement, we noticed that the circuit stability is very sensitive to the stray capacitance

of long cables connecting the hot wires to the circuit, due to the high resistance of the

wires. A small capacitor may be added in parallel with R1 to suppress the oscillation.

However, in some cases, the bandwidth is degraded.
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Figure 2.20 Frequency bandwidths of the micromachined hot wires with different lengths
in CT mode.

2.5 Directional Dependency

Directional dependency is essential if an anemometer is used to determine velocity

vectors. For hot-wire anemometers, the output characteristics depend on yaw angle and

pitch angle, but not on roll angle. As defined in Figure 2.21, the yaw angle θ is the angle

between the velocity vector U and its transverse component normal to the wire , and the

pitch angle φ is between  U and the hot wire probe body axis y.
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Figure 2.21 (a) Definition of yaw angle θ, pitch angles φ and roll angle ψ. (b) Cross
section of micromachined hot wires.

For large aspect-ratio hot wires, the transverse velocity component U Ut = cos θ is

mainly responsible for wire cooling by convection. A cosine response to the yaw angle θ

is then expected. This dependency is observed for an 160 μm long hot wire in CT mode,

as shown in Figure 2.22. The sharp voltage drop for the yaw angle higher than 90o is

because the wire is already in the wake of the probe body. On the other hand, for small

aspect-ratio hot wires such as a hot point sensor, there should be no directional

dependency. Therefore we do not expect strong yaw angular dependency of the output for

a small aspect-ratio hot wire. This is also confirmed in Figure 2.23 for a 20 μm long hot

wire. Interestingly, at low velocity, the output voltage increases with θ. This is because

the longitudinal velocity component parallel to the wire, Ul, contributes more to the wire

cooling through the convection assisted heat conduction along the wire than Ut.
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Figure 2.22 Yaw angular dependency of a 160 μm long hot wire in CT mode.
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Figure 2.23 Yaw angular dependency of a 20 μm long hot wire in CT mode.

The pitch angular dependency of a hot wire can be attributed to three effects [21]. The

first one is the hydrodynamic effect of the fluid passing through the opening bounded by

the wire, support shanks, and the probe body when the pitch angle is increased. The

second one is the additional cooling of the support shanks because they are oriented
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broadside to the flow during pitching. This effect is especially significant for shorter

wires since more heat loss is through the support shanks. The third one is the varying

effective cooling surface area during pitching. The first two effects tend to increase the

cooling, while the third one depends on the wire geometry. For conventional hot wires,

which are cylinders with large aspect ratios, only the first effect exists and causes 10 to 20

percent change in output during pitching. However, for micromachined hot wires all three

effects are significant due to the special structural design and the trapezoidal wire cross

section (Figure 2.21(a)). Therefore we expect strong pitch angular dependency for these

hot wires, especially when l is small.

Figure 2.24 and Figure 2.25 are the measured pitch angular dependencies of the same

hot wires used in Figure 2.22 and Figure 2.23. The 20 μm long hot wire has much

stronger pitch angle dependence than the 160 μm long one. This strong pitch angular

dependency is useful for such a short wire because the yaw angular dependence is small.

We noticed that the pitch characteristics are not symmetrical. One of the maxima occurs

at φ = -90o (when air flow blows toward the bottom of the wire), while the other one

occurs at φ = 60o ~ 70o. We believe this is due to the trapezoidal wire cross section.
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Figure 2.24 Pitch angular dependency of the 160 μm long hot wire (also used in Figure
2.22) in CT mode.
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Figure 2.25 Pitch angular dependency of a 20 μm long hot wire (also used in Figure 2.23)
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Figure 2.26 Steady-state characteristics of an 80 μm long hot wire (also used in Figs. 2.9
and 2.10) in CT mode at different pitch angles.

Finally, Figure 2.26 shows the output characteristics of the same 80 μm long hot wire



43

used in steady-state characterization but at three different pitch angles in CT mode. It is

obvious that the V2 vs. U0.5 curve deviate from the linear fits at φ = -90o and 65o. As a

matter of fact, the exponent n found from the best fitting is about 0.44 at φ = -90o and 65o.

We speculate that this is also because of the trapezoidal wire cross section [18].

2.6 Discussion

2.6.1 Comparison with Conventional Hot Wires

Table 2.1 Comparison between conventional and micromachined hot wires.

Parameters Conventional Hot Wire Micromachined Hot
Wire

fabrication hand assembly micromachining (mass
producible)

material Pt, W, Pt-Ir polysilicon
TCR (%/oC) 0.08 - 0.45 0.15

resistivity (Ω⋅cm) 5.5-31x10-6 10-3

density (g/cm3) 20 2.3
thermal conductivity

(W/cm⋅oC)
0.18-2.0 0.34

specific heat (J/g⋅oC) 0.13 0.7
length 1 mm 10-160 μm

diameter (μm) 5 1 μm (width)
0.5 μm (thickness)

power (mW) 4-8 2-4
current (mA) 10-15 1-2

sensitivity (CC) at 27
m/s (mV)

80 50-400

sensitivity (CT) at 27
m/s (mV)

300 100-2000

time constant (CC) (μs) 500 5-50
bandwidth (CT) (MHz) 0.15 0.5-1.4
directional sensitivity

(yaw)
good good (long wires)

bad (short wires)
directional sensitivity

(pitch)
small large
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Table 2.1 gives the overall comparison between a typical conventional hot wire and

our micromachined hot wires. The performances are based on the measurement results  at

over-heat ratio of 0.25.

2.6.2 Small Aspect-Ratio  Wires

Conventional hot wires with short length or small aspect ratios are normally not used

in flow velocity measurement because they are difficult to make, their resistance and

sensitivities are too low, and serious conduction losses to the supports cause dynamic

effects that are difficult to measure experimentally [4]. However, for micromachined hot

wires, the first two problems no longer exist. The sensitivity is low for short wires

compared to the long wires in its own kind, but is more than enough to be detected. The

last problem is still questionable, even though the calculated frequency response to

velocity signal is shown to be flat all the way to its cutoff frequency. More analysis and

tests need to be done. If this problem is not serious, the short micromachined hot wires

would be useful in some special areas where fast response and high spatial resolution are

desired.

2.6.3 Center-Lightly Doped Hot Wires

It is well known that lightly doped polysilicon has very high resistivity and large

negative TCR (up to -1%/oC). Therefore, a uniformly and lightly doped polysilicon hot

wire could have an unprecedented high sensitivity. However, its resistance would be so

high that it would require an extremely high voltage to operate. To avoid this problem, we

have designed a center-lightly doped polysilicon hot wire which is geometrically the same

as Figure 2.2, but the 2 μm center part of the wire is lightly doped.  The overall dc

resistance of the wire at the operating point is less than 10 kΩ. It has been confirmed that

this type of hot wire indeed has a higher sensitivity than the uniformly and heavily doped

hot wires. In addition, they have a smaller time constant [22]. However, these hot wires

have serious stability problems due to the resistance drift caused by the dopant diffusion
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from the heavily doped sides to the lightly doped middle.

2.6.4 Mechanical Rigidity

The  support shanks of our hot wires are only 0.5 μm thick but are about 20 μm wide.

They can not stand in high speed flows that are not in parallel with them. However,  the

geometry and  structure is by no means the optimum for the support shanks of

micromachined hot wires, and a lot of improvements can be made. For example, we can

simply increase the thickness of the polysilicon to a few microns for the support shanks

while keeping the thickness of the polysilicon wire at one half micron.

2.6.5 Bending of Support Shanks
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Figure 2.27 SEM pictures of hot wires made from (a) polysilicon deposited at 620oC; (b)
crystallized amorphous silicon deposited at 560oC.

As previously mentioned in the design section, we found that the stress distribution

along the depth of the polysilicon deposited at 620oC and annealed at 1100oC is not

uniform. Sometimes, the tips of all the anemometer probes in a wafer made from this type

of polysilicon bend up about 50 μm, as shown in Figure 2.27(a). However, this
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phenomenon is never observed in anemometers made from the polysilicon deposited at

560oC and annealed at 1100oC, as shown in Figure 2.27(b). The reason might be that the

structure of as-deposited and as-implanted amorphous silicon films are uniform along the

depth. During annealing, the grain growth is uniform, so the stress distribution is uniform

too.

2.6.6 Temporal Drift

It has been observed that the resistance of hot wires increases slowly during the

operation. Figure 2.28 shows the temporal drift of a 80 μm long heavily doped probe.

Several factors contribute to the drift. First, the polysilicon is not protected and could be

oxidized during high temperature operation. This can be avoided by a conformal anti-

oxidation layer coating over the free standing polysilicon structures. This would only

increase the time constant a little. Second, since dopants in polysilicon have high

diffusion coefficients, the temperature non-uniformity and the electric field across the

wire at the operating temperature of a few hundred degrees may cause the slow diffusion

of dopants. Amemiya et al. [23] found that the resistivity of heavily doped polysilicon

decreases under high current density. This contradicts our observation. Further studies

need to be done on the mechanism of this drift.
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Figure 2.28 The temporal drift of a 80 μm long hot wire at V = 2.5 V and aR = 0.35.
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2.7 Summary

A new type of micromachined hot-wire anemometer has been developed. Extensive

characterization of their steady-state characteristics, frequency responses and directional

dependencies has been carried out. These hot wires, if properly designed, can be practical.

They can significantly out-perform conventional hot wires in some aspects such as spatial

resolution, sensitivity and frequency response.
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Chapter 3

Micromachined Shear Stress Sensors

3.1 Introduction

A fluid flowing past a solid boundary exerts normal and tangential stresses on it.

Normal stresses or pressures are readily measured by connecting a small hole on the

surface to a pressure sensor or manometer through a tube. The measurement of the

tangential or shear stresses at a surface is much more difficult. However, since the

information about the variation of the wall shear stress on a surface is often quite useful

in analyzing a flow field, especially turbulent flow, numerous methods of measuring the

local wall shear stress [1,2] have been developed so far, including the Stanton tube [3],

the Preston tube [4], direct measurement using floating elements [5,6], thermal method

using heated elements [7,8,9], the sub-layer fence and the electrochemical technique [10].

Among them, the most often used is the thermal method that relates the local wall shear

stress and the rate of heat transfer from small thermal elements mounted flush with the

surface because it has many advantages over other techniques. For example, it has

negligible interference with the flow; the size of the sensor can be as small as a

millimeter; the possibility of measuring fluctuations in the wall shear stress as well as the

time average makes them particularly attractive for time-varying flows such as turbulent

flows [11].

The typical flush-mounted hot film sensors used to measure wall shear stress are thin

metal film resistors, mostly platinum and nickel, deposited on flat substrates. Since only

the heat lost to the fluid by convection responds to the change of shear stress, it is

desirable to thermally isolate the thin film resistor from the substrate. This minimizes the

conductive heat loss and improves the sensitivity and frequency response. In the past, the
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approach was to use low thermal conductivity materials as the substrates. These include

glass, quartz [11,12], and plastic and polyimide films [13,14], with the polyimide film

being the best. Reasonably good sensitivity can be obtained when such sensors are used

in a fluid with high thermal conductivity such as water. However, they are not as

satisfactory for the measurement in low thermal conductivity fluids such as air. The major

problems are the low sensitivity, low frequency response and more importantly, their not-

yet-well-understood performance at high frequency unsteady turbulence [15,16]. This is

all because of the significant and complicated heat conduction loss to the substrates.

Theoretically, improvement of sensor performance can be achieved by further reducing

the thickness of the substrates. In reality, this alone will not be feasible because extremely

thin substrates are difficult to produce using traditional fabrication technology and is not

desirable by sensor users. Also, limited by the fabrication technology, the size of tradi-

tional hot-film sensors is typically in the millimeter range [5]. This may be tolerable in

measuring the mean value of shear stress, but is certainly not acceptable in shear stress

imaging with reasonable spatial resolution (i.e. tenths of mm).

There has been some effort to develop micro hot-film sensors using the more

advanced Si microfabrication technology [17,18]. The performances of these devices,

however, are not as good as the traditional hot-film sensors. In this chapter, we will

present a new type of hot-film shear stress sensor with much improved structures and

better performance made possible by silicon surface micromachining technology.

3.2 Design And Fabrication

Our new hot-film shear stress sensor has the cross-sectional structure shown in Figure

3.1. It is quite different from a traditional hot-film sensor. As a matter of fact, the

structure is much more delicate and complicated. However, it is readily fabricated by

using today’s surface micromachining technology.

The sensing element, i.e. the thin film polysilicon resistor, is embedded in a silicon

nitride diaphragm which sits on a vacuum cavity so that the conduction loss from the
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diaphragm to the silicon substrate is minimal even though the cavity is shallow. Since the

silicon nitride diaphragm can be very thin and its thermal conductivity is comparable to

that of quartz, the thermal isolation of our sensor is much better than any of the traditional

hot-film sensors.

v a c u u m  c a v i ty

p o l y s i l i c o n  r e s i s to ra lu m in u m

S i  s u b s t r a t e

n i t r i d e  d ia p h r a g m

Figure 3.1 Cross-section of the micromachined shear stress sensor.

The design parameters of our sensors include the depth of the vacuum cavity and the

dimensions of the diaphragm and polysilicon resistor. The requirement for the aspect ratio

of the polysilicon resistor is similar to that of a hot wire sensor, i.e., the resistor has to be

long enough to minimize the conduction loss through the ends. On the other hand, it is

desirable to have a short polysilicon resistor as it determines the horizontal dimension of

the whole sensor. We have decided that a length of 150 μm is a good trade-off. The effect

of the width on the sensor performance is not clear at this moment. Therefore, we have

designed several sensors with different widths, from 3 μm to 15 μm. The nitride

diaphragm has to be slightly larger than the length of the polysilicon resistor to fully

accommodate it so we choose 200×200 μm2. The thickness of the diaphragm is

determined to be about 1 μm such that it does not break during fabrication or operation.

It can be calculated that the center of a nitride diaphragm with the above dimension will

bend approximately 0.8 μm under one atmospheric pressure. Therefore, the depth of the

edge of the vacuum cavity should be more than 1 μm to keep the diaphragm from

touching the bottom of the cavity.
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The fabrication process of the shear stress sensors starts with the deposition of 0.5 μm

LPCVD low stress silicon nitride on 4” Si wafers. In the cavity areas, the nitride is

removed by plasma etching with a little over-etch to give 0.9 μm trench. Then the wafers

are put in oxidation furnace to grow 1.8 μm thick oxide (LOCOS process) in the trench at

1050oC. A short time etch in BHF is performed to planarize the wafers and to remove the

oxidized nitride. 0.4 μm of phosphosilicate glass (PSG) is deposited, patterned and

annealed to form the sacrificial layer etching channel. Next, 1.2 μm of LPCVD low stress

nitride is deposited as the diaphragm material. Etching holes are opened to expose the end

of the PSG etching channel, and this is followed by a 49% HF etching to completely

remove the PSG and thermal oxide underneath the diaphragm. The cavity is then sealed

by LPCVD LTO and nitride deposition at a vacuum of 200 mTorr. The sealing materials

on the diaphragm are removed by plasma and BHF etching to minimize the diaphragm

thickness. A 0.5 μm polysilicon layer is deposited, doped, annealed and patterned to form

the resistors on the diaphragms. Another 0.2 μm of low stress nitride is deposited to

passivate the polysilicon resistors. Contact holes are opened through the passivation layer

and 1 μm aluminum is evaporated, patterned  and sintered to finish the whole process.

The fabrication process flow with cross-sections after each step is shown in Figure 3.2

and the SEM picture of a fabricated shear stress sensor is shown in Figure 3.3. The depth

of the vacuum cavity on the edges is about 2 μm, which is the sum of the thickness of

PSG and thermal oxide remained after planarization. The horizontal dimension of such a

sensor is less than 300×300 μm2, more than four time smaller than the traditional hot-film

sensors. The surface roughness is less than 3 μm.
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1 .  D e p o s i t  a n d  p a t t e r n  n i t r i d e .
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2 .  D e p o s i t ,  p a t t e r n  a n d  a n n e a l  P S G .

3 .  D e p o s i t  n i t r i d e  d i a p h r a g m  a n d
    o p e n  e t c h  h o l e s .

n i t r i d eth e r m a l  o x i d e

P S G p o l y s i l i c o n

a l u m i n u m

L T O

5 .  S e a l  t h e  c a v i t y  i n  v a c u u m .

6 .  D e p o s i t ,  d o p e ,  a n n e a l  a n d
    p a t t e r n  p o l y s i l i c o n .

7 .  D e p o s i t  n i t r i d e  a n d  o p e n  c o n t a c t
    h o l e s .

8 .  M e t a l l i z a t i o n .4 .  S a c r i f i c a i l  l a y e r  e t c h i n g .

s i l i c o n  s u b s t r a t e

Figure 3.2 Fabrication process flow of the micromachined shear stress sensor.

Figure 3.3 SEM picture of a micromachined shear stress sensor. The polysilicon resistor
is 150 μm long and 3 μm wide. The nitride diaphragm is 200×200 μm2. The sensor size is
less than 300×300×550 (thickness) μm3. Note that the entire sensor was in vacuum of the
SEM sample chamber so the diaphragm in the picture is flat.
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3.3 Heat Transfer Analysis

For the sensor structure shown in Figure 3.4, the heat transfer analysis is rather

complicated because strictly speaking, it is a three-dimensional problem. However, it can

be simplified to a one-dimensional problem by neglecting the heat conduction in x and z

direction on the diaphragm area (region I) and in y and z direction on the sensing wire

(region II).

d

d1

w

l

d
2

x

y

z

Region IRegion I R
eg

io
n 

II

Surrounding fluid

Vacuum

Figure 3.4 Geometry of the diaphragm and the sensing wire.

In an infinitesimal element dy in region I ( y
w≥
2

), the heat balance equation is

( ) ( )ρ κdc ldy
T

t

T

y
dyd l hldy T Tp a1

1
1

1
1 1

∂
∂

∂
∂

2

2
= − − (3.1)

where T1 is the temperature of the element, Ta is the ambient temperature, w and l are the

width and length of the sensing wire, d1, κ1, ρ1 and cp1 are the thickness, thermal

conductivity, density and specific heat of the diaphragm, and h is the convective heat-

transfer coefficient per unit area from the element to the fluid above the diaphragm.

Rearranging the above equation yields
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where α
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1 1
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dcp( )
 is the diffusivity of the diaphragm material. Introducing small

perturbations on ambient temperature and heat transfer coefficient, i.e., T T Ta a a= + ~  and

h h h= + ~ , then

T T y T y ts t1 1 1= +( ) ( , ) (3.3)

where T1s(y) is the steady-state temperature which satisfies
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with δ
κ0

1 1

= h

d
.

It is easy to show that the solution for Eq. (3.4) with the boundary condition

T
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where C1 is the constant of integration. Insert Eq. (3.6) into Eq. (3.5) and perform the

Laplace transform,
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where Ms is the thermal time constant of the substrate and δ δ
α

= +0
2

1

s
.

In region II, the heat balance equation for an infinitesimal dx is
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where T0  is the reference temperature, ρ0 and αR are the resistivity and its temperature

coefficient of the sensing wire at T0, ( ) ( )ρ ρ ρdc dc dcp e p p= +1  and ( ) ( )κ κ κd d de = +1 .

Rearrange the above equation to get
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where α
κ

ρe
e

p e

d

dc
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( )
 is the effective diffusivity of region II.

In steady state, the above equation becomes
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At y
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, we have the following boundary conditions
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From Eqs. (3.6) and (3.12), we have
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Plug it into Eq. (3.13)
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. By substituting the above expression into Eq. (3.11), we can rewrite it

as
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This second-order differential equation can be solved by considering the symmetry of

the temperature distribution Ts(x) with respect to x = 0 and the boundary condition

T
l

Ts a( )± =
2

. The solution is
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The average temperature increase of the sensing element above the ambient is
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Once again, introduce small perturbations on electrical current, ambient temperature

and heat transfer coefficient in region II, i.e., I I i= + ~ , T T Ta a a= + ~  and h h h= + ~ ,

which results in T T T ts t= + ( ) . Eq. (3.10) then becomes
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The first boundary condition for Tt is
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The second boundary condition is
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Insert the above expression into Eq. (3.22) and perform the Lapalace transform
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The above differential equation can be solved with the help of the boundary condition
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The average temperature fluctuation on the sensing element is
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The resulting sensor resistance change is
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and the sensor voltage change is
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is the difference between the ac and dc resistance of the sensor,
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is the ac voltage sensitivity to heat transfer coefficient, and
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is the ac voltage sensitivity to ambient temperature fluctuation. The first term in Eq.

(3.34) represents the voltage drop on a impedance, while the second and third terms

represent controlled ac voltage sources. Figure 3.5 shows the equivalent circuit of the

sensor.

(a) (b)

~ ( )
~

v G s TT T a=

~ ( )
~

v G s hh h=

Rr sb ( )

Figure 3.5 (a) Symbol of the shear stress sensor. (b) Equivalent ac circuit model.

3.4 Calibration and Analysis

3.4.1 I-V Measurement

The steady-state voltage drop on the sensor is
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The over-heat ratio of the sensor can be expressed as
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For the micromachined shear stress sensors, polycrystalline silicon is used as the

sensing wire material and low stress silicon nitride as the diaphragm material. The

resistance - temperature relationship of the sensors are calibrated. The results (Figure 3.6)

show a 2.5% non-linearity over a temperature range of 200oC. The above derivations are

still valid if αR is replaced by the average resistance coefficient of temperature (~

0.11%/oC) extrapolated from the fit to the data in Figure 3.6.
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Figure 3.6 The measured resistance-temperature relationships of two boron-doped
polysilicon resistors with doping concentration of 2×1020 cm-3.

The other physical properties of polysilicon and silicon nitride can be found from

various literature. They are: ρ0 = 1×10-3 Ω⋅cm, κ = 0.3 W/cm⋅oC, cp = 0.7 J/g⋅oC, ρ = 2.32

g/cm3, κ1 = 0.032 W/cm⋅oC, cp1 = 0.7 J/g⋅oC, ρ1 = 3.0 g/cm3, and α1 = 0.015 cm2/s. The
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dimensions of the sensor structure are: d = 0.55 μm, l = 150 μm, L = 210 μm, d1 = 1.4

μm, d2 = 0.2 μm. Then we have (κd)e = 2.1×10-5 W/oC, αe = 0.0547 cm2/s. After fitting

Eq. (3.38) and Eq. (3.39) to the I-V data measured in still air at T Ta = =0 22 oC for

sensors with different widths (Figure 3.7 and Figure 3.8), we found that the average value

of h  is 0.262 W/cm2⋅oC. Note that the convective heat transfer coefficient is non-zero

even in still air because there exists the natural or free convection. By using this value of

h , all the parameters in the above equations are calculated and listed in Tables 3.1 and

3.2 for T Ta− = 100 oC.
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Figure 3.7 Measured V-I curves (symbols) of the sensors with different widths
together with the fitted curves (solid lines) of Eq. (3.38).
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w = 3.3 μm

w = 15 μm

w = 7 μm

w = 11 μm
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Figure 3.8 The over-heat ratio of the sensors calculated from the measured I-V data are
plotted against the square of the heating current. The solid lines are the fitted curves of
Eq. (3.39).The fitting parameter  h  is found to be 0.262.

Table 3.1 Parameters calculated from measured I-V curves.

w (μm) Ra (Ω) V (mV) I (mA) λ (cm-1) αRε λl/2 δL'

3.3 1994 2976 1.357 516.2 0.1348 3.872 2.491
7 930 2249 2.198 351.5 0.1601 2.636 2.455
11 608 1872 2.799 288.1 0.1820 2.161 2.406
15 438 1665 3.455 252.2 0.2020 1.892 2.358

The temperature distribution on the diaphragm of the sensors can be calculated by

using Eqs. (3.6), (3.14) and (3.21). Figure 3.9 shows the contour plot of the 3.3 μm wide
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sensor at an over-heat ratio of 0.1. However, it needs to be verified by experimental

measurement such as infrared thermal imaging.
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Figure 3.9 Calculated temperature distribution (relative to room temperature) on the
diaphragm of the 3.3 μm wide sensor at an over-heat ratio of 0.1.

3.4.2 Temperature Sensitivity

In constant current (CC) mode, when h  is kept constant, the only parameter in Eq.

(3.38) that changes with ambient temperature Ta  is Ra . Therefore, the output voltage is a

linear function of the ambient temperature and its sensitivity to ambient temperature

change is
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∂
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α αV

T
IR a V
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R R R= + =0 0 01( ) (3.40)

where

a
R R

R
T TR R a0

0

0
0=

−
= −α ( ) (3.41)

is the sensor resistance over-heat ratio at room temperature T0. The measured sensitivities

labeled in Figure 3.10 are in good agreement with those calculated from Eq. (3.40).
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Figure 3.10 Output voltage sensitivity of the sensor to ambient temperature in CC mode.

The conventional constant temperature (CT) anemometer circuit shown in Figure 2.13

with temperature insensitive bridge resistors keeps the sensor resistance and hence the

sensor temperature constant. In CT mode, both I  and Ra  change with Ta . The

theoretical V Ta−  curves calculated from Eq. (3.38) (Figure 3.11) exhibit severe non-

linearity when the ambient temperature becomes close to the sensor temperature. For
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small fluctuation of ambient temperature around room temperature, the temperature

sensitivity can be expressed as

∂
∂

αV

T a

V

a CT R

R≈ − +
⎛
⎝
⎜

⎞
⎠
⎟1

1

2
0 (3.42)

which means that the temperature sensitivity is higher when the sensor is operated at

smaller over-heat ratio. The sensitivities extracted from the experimental results shown in

Figure 3.11 are close to those calculated from the above equation (-14.0 mV/oC, -17.9

mV/oC and -24.7 mV/oC for aR = 0.2, 0.1 and 0.05 respectively). However, the results for

small over-heat ratios deviate significantly from the theoretical curves. As a matter of

fact, the measured V Ta− relationships are more linear than expected.
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Figure 3.11 Ambient temperature sensitivity of the sensor output voltage in CT mode.
The sensor temperatures corresponding to the over-heat ratios of 0.05, 0.10 and 0.20 are
73oC, 123 oC and 223 oC respectively.

In an ideal CT mode, the sensor temperature is preset to a value by the three

temperature-insensitive bridge resistors. Obviously, the sensor will not function when the

ambient temperature becomes equal to the preset sensor temperature. Therefore, in most
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applications, the sensor is operated at a temperature significantly higher than the room

temperature to avoid the situation. This has the additional advantage of reducing and

linearizing (for easy compensation) the output drift with ambient temperature. However,

in some applications, such as in underwater measurement, high operating temperature is

undesirable. This problem can be solved by integrating the bridge resistor R3 (or all of the

resistors) with the sensor on the same chip. Because the bridge resistors are in direct

contact with the substrate, they will not be heated up by electrical current. However, their

resistance will change with ambient temperature since the resistors and the sensor are

made of the same material and they all have the same temperature coefficient of

resistance. As a result, we have

T T T T
a R

R

a
s a R a

R

R

a R

R

− = + − =[ ( )]1 0
0

0

0α
α α

(3.43)

i.e., the temperature difference between the sensor and the ambient is proportional to Ra .

According to Eq. (3.21), I  is not a function of Ta and the temperature sensitivity then is

∂
∂

α
∂
∂

αV

T
IR

T

T
V

a
R

s

a
R= =0 0 (3.44)

which is the same as that in CC mode. Note that the sensor temperature does not change

with the heat transfer coefficient. Therefore, the sensitivity to heat transfer is the same as

that in CT mode.

In conclusion, this type of simple compensation results in a new mode having the

advantages of both CC mode (low temperature sensitivity) and CT mode (high sensitivity

to heat transfer coefficient, as will be demonstrated  in the next section) at any operation

temperature.

3.4.3 Sensitivity to Shear Stress

The output sensitivity to heat transfer in CC mode
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and the sensitivity to heat transfer in CT mode
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are still functions of the heat transfer coefficient, as shown in Figure 3.12. However, in a

sufficiently small range, the output voltage changes are proportional to the change of heat

transfer coefficient in small range ( Figure 3.13).

The relationship between the heat transfer coefficient h and the wall shear stress τw

when the sensor is flush-mounted on the wall has been experimentally determined or

theoretically derived by a number of researchers [8,9,11,19]. The most general expression

is the one reported by Brown, who included the effect of pressure gradient, that is,

Nu A
B

Nu

dp

dx
Lw

3 = +τ (3.47)

where A and B are constants, Nu is the Nusselt number, which is defined as hcl/ν with l

being the characteristic length, L the effective length of the sensor in the streamwise

direction, and hc = Δh the heat transfer coefficient caused by forced convection. If the

pressure drop across the sensor is small, which is usually the case for our micro sensors in

subsonic flow, the second term in the above equation can be neglected. Then we have

h hc w= ∝Δ τ 1 3/ (3.48)

The measured output voltage changes in CC and CT modes with wall shear stress are

plotted in Figure 3.14 and Figure 3.15 respectively. The solid lines in the figures are
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polynomial fittings. By comparing these measured data with the calculated data (Figure

3.12), we found that the maximum variation of the heat transfer coefficient in our

calibration is less than 0.016 W/cm2⋅oC or about 6%, well in the linear region of the

Δ ΔV h−  curves in Figure 3.13. Theoretically, if we plot the voltage change against τw
1/3,

we should be able to get straight lines, except in the very low shear stress region, where

measurement errors and non-idealities occur. However, in reality, when the shear stress

range is less than 1 Pa, it is difficult to determine the exponent to the shear stress because

the accuracy of fitting is not very sensitive to it.
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Figure 3.12 Output voltage changes as a function of heat transfer coefficient at different
over-heat ratios for the 3.3 μm wide sensor.
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Figure 3.13 Zoom-in of the calculated V h− Δ  curves in the linear region.
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Figure 3.14 Output voltage changes in CC mode at different over-heat ratios. The
normalized output (ΔV/V0) increases dramatically with over-heat ratio.
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Figure 3.15 Output voltage changes in CT mode at different over-heat ratios. The
normalized output is almost insensitive to the over-heat ratio.

Both the theoretical calculations and experimental data have shown that the

normalized output in CC mode increases dramatically for larger over-heat ratio, which

implies high over-heat ratio for CC operation in order to get enough sensitivity. For CT

operation, the normalized output is almost insensitive to the over-heat ratio in CT mode.

However, reasonably high over-heat ratio is still preferred to avoid excessive temperature

sensitivity.

The drift of the sensitivity to heat transfer with ambient temperature can be estimated

from Eqs. (3.45) and (3.46). In CC mode, this drift is linearly proportional to the ambient

temperature change with the coefficient of proportionality being αR ≈ 0.1%/oC. In CT

mode, the sensitivity - ambient temperature relationship has been numerically calculated

and is plotted in Figure 3.16. The drift rates around room temperature are labeled next to

each curve. In all cases, the drift rate is no more than 1%/oC and can be neglected when

the sensors are used in laboratory measurement where ambient temperature change is
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only a few degrees. For applications where ambient temperatures varies significantly,

temperature compensation to the output voltage is necessary. This may be complicated at

small over-heat ratio in CT mode due to the high non-linearity.  If the integrated bridge

temperature compensation scheme described in the previous section can be used, the drift

of sensitivity with ambient temperature in CT mode becomes that in CC mode and can be

further reduced by linear compensation.
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Figure 3.16 The drift of the sensitivity to heat transfer coefficient with ambient
temperature in CT mode.

Finally, Figure 3.17 shows that wind-tunnel calibration results of the sensors with

different widths. This time, we have plotted the normalized voltage changes against τw
1/3.

Again, the normalized sensitivity is almost independent of the sensor width.
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Figure 3.17 Wind-tunnel calibration results of the sensors with different width at the
over-heat ratio of 0.1.

3.4.4 Frequency Responses in CC Mode

The frequency response of rb(s) is the only one among the three ac components in the

equivalent circuit of the sensor that can be experimentally measured since standard

perturbation on heat transfer or wall shear stress and ambient temperature are not readily

available. The simple circuit shown in Figure 3.18 has been used to do the measurement.

The function generator supplies both the dc bias and the ac sine wave signal to the

Wheatstone bridge through a wide-band voltage follower. The values of R1, R2 and R3 are

chosen such that R R R R aR1 3 2 0 1= +( ) , where aR is the desired over-heat ratio of the

sensor. The dc output of the bridge can be nulled by adjusting the dc bias. At that point,

we know that the sensor has been biased at the right over-heat ratio. The amplitude of the

sine wave is set to about 3% of the dc bias to satisfy the small signal condition. The

frequency of the sine wave is swept from 2 Hz to 100 kHz while the magnitude and phase

of the amplified output are recorded. The magnitude and phase of rb(iω) can thus be

calculated from these measurement results by
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where vi is the input signal from the function generator, vo is the amplified output signal,

G is the gain of the amplifier after the Wheatstone bridge and θ is the phase of the output

signal.

T o
amplifier

Sensor

R1

R3

R2

- +

Function
generator

A

Figure 3.18 Circuit used in measuring the frequency response of the sensors in CC mode.

The Bode plots of the magnitude and phase responses for the sensors with different

widths are shown in Figure 3.19 and Figure 3.20 respectively. The solid lines are the

fitted curves of Eq. (3.35) using the parameters in Tables 3.1 and 3.2. Note that the fitting

parameters f1 and f2 are in reasonably good agreement with their calculated values.
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Table 3.2 Calculated and fitted parameters for the study of dynamic responses.

w (μm) b f1 (Hz) f2 (Hz)
Calculated Calculated Fitted Calculated Fitted

3.3 1.173 140 133 2322 3400
7 1.193 140 135 1076 1150
11 1.130 140 130 723 690
15 1.081 140 126 554 480

Unlike the conventional hot-wire anemometers and flush-mountable hot-film sensors,

which have constant high frequency roll-off of 20 dB/dec. [20,21] and 10 dB/dec. [22]

respectively, the micromachined shear stress sensors do not exhibit a constant roll-off at

high frequency. Their frequency responses are the result of the coupling of two critical

frequencies, f1 and f2. f1 represents the thermal response of the diaphragm and is virtually

independent of the sensor width; f2 represents the thermal response of the sensing element

and decreases with increasing sensor width. As a matter of fact, this model can be used to

qualitatively explain the behavior of hot-wire and hot-film sensors. For a free-standing

hot wire (i.e., no substrate), f1 is infinity and according to Eqs. (3.35) and (3.28), the

maximum attenuation rate of the magnitude-frequency response is inversely proportional

to the frequency with f2 being the corner frequency. For a hot-film sensor (thin metal

sensing element directly sitting on thick and flat substrate, such as quartz), f1 is typically a

few Hz, while f2 is usually in the kilo-Hertz range. Therefore the maximum attenuation

rate of the magnitude-frequency response is inversely proportional to the square root of

frequency in the region between 10 Hz to 1 kHz.
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Figure 3.19 Magnitude responses of rb(iω) for sensors with different widths.
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Figure 3.20 Phase responses of rb(iω) for sensors with different widths. Note that the
curves for 7 μm, 11 μm and 15 μm have been shifted down by 5, 10 and 15 degrees
respectively to avoid overlapping with other curves.

As can be seen from the figures, the experimental data points start to deviate from the

theoretical curves at frequency of 10 kHz. It is even more surprising that, above certain

frequency (40 kHz, 60 kHz, 80 kHz and 80 kHz for w = 3.3 μm, 7 μm, 11 μm  and 15 μm

respectively), the magnitude of rb increases with frequency. This abnormal effect is

obviously caused by the parasitic components from the sensing element in the

measurement circuit.

Finally, the voltage sensitivity Gh(iω) and GT(iω) are plotted against the excitation

frequencies. They both have a corner frequency at about 130 Hz. It is interesting that

these two sensitivities attenuate at frequencies above f1 with a constant rate of 20 dB/dec.,
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even for all the sensors under study. This can be qualitatively explained by the simple

heat transfer model of the sensor structure. Since the size of the sensing element is small,

most of its generated heat is lost to the diaphragm, which in turn loses heat to the

ambient. These two heat transfer steps each has an attenuation rate proportional to the

square root of frequency. The overall attenuation is then proportional to the frequency.
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Figure 3.21 Magnitude responses of Gh(iω).
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Figure 3.22 Magnitude responses of GT(iω).

In addition to the corner frequency at 130 Hz, GT(iω) has another much lower corner

frequency at 1 Hz (assumed), as a result of the slow response of the silicon substrate to

ambient temperature change. The ac temperature sensitivity on the second platform in the

Bode plot is only 50% - 70% of that at steady state. This difference, if not corrected,

could cause significant error in the measurement of temperature fluctuation.

3.4.5 Frequency Responses in CT Mode

Figure 2.13 is the schematic of the constant temperature bias circuit. It is easy to

derive from the equivalent circuit of the sensor (Figure 3.5) and the basic circuit theory

that the voltage at the non-inverting input terminal of the operational amplifier is

v R R
v

R

v

R
o t

t
+ = +
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' ' (3.51)
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Considering the great complexity of the expression for rb(s) (Eq. (3.35)), we will continue

to use the symbol rb(s) and its polar expression r s r eb b
i( ) = φ  throughout the remaining

derivation just for simplicity. The equation for an operational amplifier with two poles is

v
A v

s

p

s

p

A v v

sM s M
o

i=
+ +

=
−

+ +
+ −0

1 2

0
2

1 1 1( )( )

( )
' ' '

(3.53)

where p1 and p2 are the first and second pole frequencies, M
p p
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1 2

 and
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. Inserting Eqs. (3.51) and (3.52) into the above equation yields
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Since the bridge is balanced in steady state, it is easy to show that
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For convenience, the resistors in the CT circuit are chosen such that R R R Rt r2 3= << = .

Then,
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The magnitude of the gain is
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The sensitivity to heat transfer coefficient is
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The sensitivity to ambient temperature fluctuation is

[ ]
v

T

R
G s

r s

p q

R
G s

r s

v

v

R

R

R

r

R

r

o

a

h

b

T

b

o

t

t

b b

=

+

=

+
⎛

⎝
⎜⎜

⎞

⎠
⎟⎟ +

⎛

⎝
⎜⎜

⎞

⎠
⎟⎟

⎡

⎣

⎢
⎢

⎤

⎦

⎥
⎥

2 2

1
2 2

1

2 2
1

2

1
2

1

2

1

2
1

2

( )

( )

( ) ( )

( )

( )

cos sin
ω ω

φ φ

(3.64)

If the op-amp has only one pole, i.e., M '' = 0 ,
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In most of our experimental studies on the sensor frequency responses in CT mode,

OP-27 has been used as the feedback amplifier. It has a single pole and is unity gain

stable. Its gain-bandwidth product is about 7 MHz. In the measurement of the gain, the

amplitude of the sine wave testing signal  vt is adjusted to ensure that the output signal

satisfies the small signal criteria, i.e., vo << Vo. R2 and R3 are both 5 kΩ, Rt and Rr are 1

MΩ, ar = 0.1, Vr = 4.2 V for all types of sensors when the circuit is in critical damping
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state. The measured magnitude and phase responses of the gain to frequency are then

shown in Figure 3.23 and Figure 3.24. The solid lines are the theoretical curves calculated

from Eqs. (3.61) and (3.62) with rb  and φ being the fitted data obtained in Section 3.4.3.
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Figure 3.23 Magnitude responses of the gain of the CT circuit at aR = 0.1.



86

-160

-140

-120

-100

-80

-60

-40

-20

0

20

40

60

1 10 100 1000 10000 100000

Frequency (Hz)

 (
de

gr
ee

)
w  = 7 μm

w  = 11 μm

w  = 15 μm

w  = 3.3 μm

Figure 3.24 Phase responses of the gain of the CT circuit.

The magnitude of the gain is almost inversely proportional to r ib ( )ω  before reaching

the peak. The frequency at the peak is the critical frequency of the system to electronic

signals. It has also been assumed to be the cut-off frequency of the system to flow signals.

According to Eq. (3.63), this assumption is correct for conventional hot-wire and some

hot-film sensors where rb(iω)and Gh(iω) have the same frequency responses. However, in

the previous section, they have been found to have significantly different frequency

responses for our sensors. We can therefore expect a somewhat non-flat magnitude

response of our CT sensor systems to flow signals even below the critical frequency

(Figure 3.25 and Figure 3.26) and certain compensation in data processing such as using

FFT is necessary for some applications.



87

10

100

1000

10000

1 10 100 1000 10000 100000
Frequency (Hz)

~ hv o
(m

V
/(

W
/c

m
2 .

o C
))

w  = 3.3 μm

w  = 15 μm

w  = 11 μm

w  = 7 μm

Figure 3.25 Calculated frequency response of the sensitivity to heat transfer coefficient in
CT mode.



88

0.01

0.1

1

10

100

0.1 1 10 100 1000 10000 100000
Frequency (Hz)

v o
(m

V
/o C

)
~ T a

w  = 3.3 μm

w  = 15 μm

w  = 11 μm

w  = 7 μm

Figure 3.26 Calculated frequency response of the temperature sensitivity in CT mode.

The critical frequency of the CT circuit can be boosted by using improved circuits and

op-amps with higher gain-bandwidth products. We will not discuss it here because it is

beyond the scope of our research. The non-flat frequency response of the sensitivity to

heat transfer below the critical frequency can be improved by optimizing the design of the

sensor, including the increase on the horizontal dimensions (especially the width) of the

polysilicon resistor while  to equalize the frequency responses of rb(iω) and Gh(iω). The

underlying principle of the improvement, of course, is the reduction of the conduction

heat loss from the polysilicon resistor to the nitride diaphragm through the sides and

through the ends.
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3.5 Comparison with Conventional Hot-Film Sensors

Table 3.3 Comparison of conventional and micromachined shear stress sensors.

Parameters Conventional Micromachined

Sensor dimension mm size 250×250 μm2

Resistance 10 - 100 Ω 400 - 2.5 kΩ

Sensitivity (mV/Pa) < 10 > 50

Frequency bandwidth (CC) < 10 Hz > 100 Hz

Power consumption (mW) > 40 5

3.6 Other Structures

In addition to the vacuum-isolated shear stress sensor (type I) described above, we

have also fabricated and studied other possible structures that can be used as shear stress

sensors [23]. Their cross-sections and SEM pictures are shown in Figure 3.27. Type II has

a similar structure to type I except that the polysilicon wire is lifted a few microns above

the diaphragm, thus achieving better thermal isolation. Type III is a conventional

polysilicon bridge sitting on the solid substrate [24,25]. Type IV is basically a

micromachined hot wire which is very close to the wall. All these wires are a few microns

(in a range from 1 μm to 5 μm) above the substrate surface so they are well in viscous

sublayer, i.e., the linear velocity distribution region and the heat transfer is still a function

of wall shear stress [11]. In our study, all four types of structures were fabricated on a

single chip to ensure identical thermal and electrical properties of the sensing elements.
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Figure 3.27 Structures and SEM pictures of other types of micromachined shear stress
sensors.
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3.6.1 Frequency Responses

The frequency responses of the sensors operating in constant current (CC) mode are

compared in Figure 3.28. Note that for type I, the frequency response is determined

mainly by the diaphragm properties such as thickness and thermal conductivity. For type

III, since the ends of the wire are directly connected to the substrate which behaves as a

perfect heat sink, the frequency response is solely determined by the polysilicon wire. For

type II and IV, the diaphragm and the support shanks to which the polysilicon wires are

connected can heat up through thermal conduction; therefore, each type has two corner

frequencies, one corresponding to the diaphragm or the support shanks and the other (3 -

4 kHz) to the polysilicon wire. The effect of the second corner frequency can be greatly

reduced if we increase the wire length or put aluminum over the support shanks.
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Figure 3.28 Frequency responses of four types of sensors in CC mode.
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3.6.2 Thermal Resistance

To study the heat transfer characteristics, we have measured the electrical power

needed to heat up the wire to a certain temperature in atmosphere and in vacuum (~ 30

mTorr) for all of the structures. The results are shown in Figure 3.29. The reciprocals of

the slopes of these curves represent the thermal resistance Rth. Type I has the smallest

thermal resistance because the nitride diaphragm is also significantly heated. The thermal

resistances in atmosphere and in vacuum are not very different, meaning that most of the

heat is conducted to the substrate though the diaphragm in atmosphere. Types II - IV have

nearly the same thermal resistance. Their slight differences reflect different end losses.

The thermal resistance in vacuum is many times smaller than that in atmosphere,

meaning that in atmosphere, the end heat loss is a very small part of the total heat. The

combination of the heat convection to air and heat conduction to the substrate through the

air dominates the heat transfer process.
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Figure 3.29 Thermal resistance in atmosphere and in vacuum. The polysilicon resistors
are all 120 μm long and 3 μm wide. The distance between the resistors and the substrates
for types II, III and IV are 4 μm.

Another interesting test is to measure the power as a function of the height of the wire

above the substrate in atmosphere for type IV sensors. This gives the information about

the heat conduction loss to substrate through the air. As shown in Figure 3.30, this loss

can not be neglected for h less than 10 μm.
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Figure 3.30 The power needed to heat up type IV sensors with different bridge height to
200oC.

3.6.3 Steady-State Responses

Figure 3.31 shows the calibration results in wind-tunnel. The output changes are

proportional to the one third power of shear stress, which agrees with the heat transfer

theory. Types I and II are the most sensitive ones and have approximately the same

relative sensitivity, despite the big difference in thermal resistance. The reason might be

that when the wire is not far above the diaphragm for type II, the interaction (heat

transfer) between them is almost independent of the environment change and they can be

considered as a single element, just as type I sensor. Also, both type I and type II have

smallest conduction loss to the substrate and are certainly more sensitive than the other

two types that have significant conduction loss to the substrate through the air gaps

and/or through the ends (mainly for type III). Increasing the gap height reduces the

conduction loss to the substrate and improves the sensitivity for types III and IV, but then

it may interfere with the flow and make the sensor more physically vulnerable.
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Figure 3.31 Wind tunnel calibration results for all types of micromachined shear stress
sensor structures in CT mode (aR = 0.1).

3.7 Summary

A novel MEMS thermal shear stress sensor featuring a unique vacuum cavity has

been developed. The vacuum cavity dramatically improves the thermal isolation of the

polysilicon sensing element from the substrate. The steady-state and transient heat

transfer models of the sensor has been established and successfully used to analyze the

steady-state wind-tunnel calibration results, temperature sensitivities and frequency

responses. The theoretical analysis also provides the guidance for the optimization of the

sensor design. Finally, other potential sensor structures are explored and their sensitivity

and frequency responses are compared with the vacuum-cavity isolated sensor.
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Chapter 4

Shear Stress Imager

The active control of turbulent flows has long been a dream of fluid mechanicists

because of its potential impact on the aerospace industry [1,2,3]. Up to now, however,

little has been done mainly because of the unavailability of miniature devices whose sizes

are comparable to the feature sizes in high-Reynolds-number turbulent flows. Among

these previously unavailable devices are the distributed shear stress sensor arrays. They

are responsible for the real-time collection of wall shear stress information, which is

processed by detection circuits to identify the turbulence structure. This chapter describes

the development of such a shear stress imager using the shear stress sensor developed in

Chapter 3 and its shear stress profiling capability in turbulent boundary layers.

4.1 Turbulent Boundary Layer and Streamwise Vortices

The basic understanding of turbulent boundary layer and vortex structure is important

for the proper design of the shear stress imager. Here we only discuss the wall-bound

channel flow which will be used for shear stress imaging.

4.1.1 Channel Flow

Figure 4.1 shows the successive stages of development of the boundary layer of an

incompressible viscous fluid in a channel, assuming the no-slip boundary condition, i.e.,

the fluid on the wall is not moving. At the entrance of the channel, uniform flow at free-

stream velocity exists. As the fluid moves down the channel, shear friction between the

fluid and the wall, and between adjacent fluid layers, retards the motion, causing the

boundary layer to grow until it is fully developed. From this point on, the velocity profile
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remains unchanged. The length required for the flow to become fully developed is known

as the entrance length xe. Note that the free stream velocity U∞ is replaced by the

centerline velocity Uc in calculating the Reynolds number in fully developed channel

flow.

Core

Edge of boundary layer

Entrance region (xe) Fully-developed region

Center line

x

y

z

Figure 4.1 Boundary layer development in channel flow.

4.1.2 Wind Tunnel

The wind tunnel that is used in most of the turbulent boundary layer studies is in the

UCLA Fluid Mechanics Laboratory. It is 4.87 m long, 60 cm wide and 2.54 cm high.

Note that a wind tunnel with this high aspect ratio cross section supplies a two-

dimensional channel flow. The walls of the channel are constructed of 2.5 cm thick

Plexiglass and supported by a steel frame. An axial blower powered by a DC source

supplies the air flow in the channel. At the highest blower speed, the centerline velocity in

the channel is about 25 m/s. Hot-wire velocity measurements at 8 m/s indicate that the

channel consists of a laminar entrance flow region which gradually transforms into a

fully-developed turbulent flow in the downstream 2/3 portion of the channel. All

calibration and testing of shear stress sensors and shear stress imaging is carried out in

this region of the channel.

In the fully developed region, the mean shear stress is uniform everywhere on the wall

because the velocity profiles remains unchanged. A simple force balance on a rectangular

control volume of length L, width W and height H gives

τ w
H

L
p=

2
Δ (4.1)
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if W >> H, i.e., for a 2-D channel. In the above equation, τ and Δp are the mean shear

stress and mean pressure difference. Therefore, the mean shear stress in the 2-D fully

developed channel flow can be determined through the measurement of the pressure

gradient.

On the other hand, wall shear stress can be expressed as

τ ρ τw f u= 2 (4.2)

where uτ is called the friction velocity and ρf is the density of the fluid. For air at room

temperature, ρf is 1.21 kg/m3. According to [4], the friction velocity is related to the

centerline stream velocity and Reynolds number by

u

U c

τ = −0119 0 089. .Re (4.3)

Here the half height of the wind tunnel H/2, i.e., the boundary thickness, is taken as the

characteristic length of the Reynolds number. Therefore, the shear stress can also be

calculated from the measurement of the free stream velocity from

τ w cU= 0 00427 1 822. . (4.4)

It is found that the wall shear stresses determined by the above two methods in our wind

tunnel give almost identical results.

4.1.3 Streamwise Vortices and Sub-Layer Structures

It has been revealed that turbulent flow has dual features, deterministic and random.

The deterministic part of the turbulence is responsible for most of the mass and

momentum transfers for both free and wall-bounded flows [5,6,7].  For wall-bounded

channel flow, the quasi-deterministic structures have been numerically and

experimentally identified in the fully developed turbulent region to be a pair of counter-

rotating streamwise vortices (Figure 4.2). These vortices, which appear randomly in both

space and time, bring high velocity fluids down to the wall and create a streak of high
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shear stress in the region between the vortices. These streaky structures can be detected

through the measurement of near wall velocity [8] or wall shear stress distribution.
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Figure 4.2 Counter-rotating vortex pair.

The statistical sizes of the streaky structures have been reported by a number of

authors [9,10,11,12,13,14,15]. Most observed quantities exhibit significant variations.

Nevertheless,  these are helpful to the design of our shear stress imaging chip. According

to Cantwell [5], the thickness of the viscous sub-layer is 7ν/uτ; the length of sub-layer

structure in the streamwise direction λx varies from 100ν/uτ to 2000ν/uτ with 1000ν/uτ as

the best value; the vertical half scale of the sub-layer structure λy varies from 10ν/uτ to 25

ν/uτ with 15ν/uτ as the best value; the spanwise scale of the sub-layer structure λz is

generally agreed to be 100ν/uτ. Here ν/uτ is the viscous length. It decreases as the

Reynolds number increases. For the centerline air flow velocity ranging from 8 m/s to 25

m/s in our wind tunnel, the friction velocity uτ is from 0.394 m/s to 1.111 m/s and the

Reynolds number is from 6790 to 21200. The best estimation of the scales of the sub-

layer streaky structures corresponding to above flow velocity range is

Streamwise scale λx = 1000 ν/uτ = 1.35 cm - 3.80 cm

Spanwise scale λz = 100 ν/uτ = 1.35 mm - 3.80 mm

Vertical half scale λy = 15 ν/uτ = 0.20 mm - 0.57 mm
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These numbers tell us that in order to capture the sub-layer structures (minimum of three

sensors per structure) in our wind tunnel, the sensor dimension and spacing of the shear

stress imager has to be less than half a millimeter. Traditional flush-mounted hot-film

sensors obviously do not  meet this dimensional requirement. This is probably one of the

reasons why there has been no report on sub-layer structure detection at high Reynolds

number.

4.2 Shear Stress Imager

Based on the understanding of the sub-layer streaky structures in turbulent flows, we

have developed the 2.85 cm × 1.0 cm shear stress imaging chip shown in Figure 4.3 using

the 3 μm wide and 150 μm long micro shear stress sensor described in Chapter 3. The

chip is specifically designed for the study in turbulent flow with Reynolds number around

104. There are two identical rows of sensors 5 mm apart and normal to the streamwise

direction. This streamwise pitch is chosen such that at least three data points can be taken

from a streak in the streamwise direction. Each row has 25 sensors with 300 μm pitch,

which is already the minimum for this type of sensor. It should give at least three data

points from a streak in the spanwise direction and be able to catch more than one streak.

Between the two major rows of sensors, there are two 5-sensor rows and one 25-sensor

row for the detection of streak details in spanwise direction. The 1 cm spacing between

the sensors and the bonding pads on the left and right edges of the chip is necessary to

avoid the upstream bonding wires from interfering with the downstream sensors.

The fabrication process of the shear stress imager is basically the same as that of a

single sensor but it needs two more masks for the final metallization step. The yield of

sensors on a imaging chip is important even for laboratory testing purpose. Thanks to the

well-designed process, more than 95% of the sensors on each chip can be used for

measurement.
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Figure 4.3 The micromachined shear stress imager (2.85×1 cm2) with over 100 sensors.

4.3 Packaging, Biasing and Calibration

The package for the imaging chip is a fine-line PC board with a chip-size recess in the

center so that the imaging chip can be flush-mounted. The chip and the PC board are

electrically connected by wire bonding (Figure 4.4). The electrical leads are soldered on

the backside of the PC board. The PC board is then flush-mounted on a specially-made

plug which fits into the wall of the wind-tunnel (Figure 4.5), with the sensor row

perpendicular to the flow direction.
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Figure 4.4 Photograph of the packaged shear stress imager.
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Figure 4.5 Imaging chip package and wind tunnel setup.
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In our experiments, the sensors are biased in constant temperature (CT) mode.

Although it is more complicated than the constant current mode, it can achieve much

higher frequency bandwidth which is crucial in turbulence measurement. Therefore,

arrays of CT circuits and gain stages have been made on PC boards using op-amps and

other discrete components (Figure 4.6). The dc offset of the outputs can be adjusted

individually, but the gain is fixed to be 10. A computer-controlled data acquisition system

is used to measure all the outputs simultaneously.
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Figure 4.6 Constant temperature biasing circuit, gain stage and temperature
compensation stage.

Before the sensors are used to measure the shear stress distribution, their dc outputs

are calibrated against known wall shear stress levels which are calculated from the

centerline velocity by using Eq. (4.4). Figure 4.7 shows the calibration results for 10
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sensors in a row. Although each sensor has different offset, the trend of all curves are

almost the same. Polynomial fitting is performed on each curve to extract the fitting

parameters for later use in real data processing.
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Figure 4.7 Calibration curves of 10 sensors in a row.

The temperature of the air flow in the wind tunnel is not a constant because of the

warm-up of the blower and the fluctuating ambient temperature. The maximum flow

temperature change can be as high as 5oC. On the other hand, the shear stress sensors

have temperature sensitivities in the order of -(150-200) mV/oC (after gain of 10) around

room temperature. Therefore, serious drifts on the DC outputs of the shear stress sensors

during the real time data acquisition is expected and could cause the measured data to be

useless. There are two ways to compensate for the drifts. The first method is to use the

simple temperature compensation circuit in Figure 4.6. Here the temperature sensor can

be a shear stress sensor operated at very low power such that the self-heating is

negligible. Note that the output of the compensation circuit Vc can be shared by all the
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channels so only one such circuit is needed for all the sensors in use. The results in Figure

4.8 show that an order of magnitude of improvement of the thermal stability has been

achieved. The other way to compensate the drifts is to do post processing on the data,

using the flow temperature history data recorded by a temperature sensor. Both methods

requires calibration of the temperature sensitivity for each sensor. Obviously, the first

method is suitable for real time measurement and control, but the second one is simpler.
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Figure 4.8 Typical temperature sensitivities before and after temperature
compensation of a shear stress sensor.

4.4 Shear Stress Imaging

For real-time shear stress imaging, the output voltage is sampled at a rate higher than

10kHz and converted to a shear stress signal based on the calibration performed

previously. In order to establish the credibility of the imaging chip, the turbulence

statistics calculated from the shear stress fluctuations recorded by a single shear stress

sensor are compared to previously established results. Figure 4.9 shows the comparison in
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terms of the normalized RMS level, the skewness factor, and the flatness factor. It is

obvious that the present results agree very well with previous studies in all three areas

[16,17,18]. In addition, the present statistics appear to be independent of the Reynolds

number which is predicted by turbulence theory.

Reynolds Number

N
or

m
al

iz
ed

 R
M

S

�

0 10000 20000 30000

0.0

0.2

0.4

0.6

0.8

��

Temp comp, 5th order fit

Alfredsson et al. (1988)

Obi et al. (1995)

Kim et al. (1987)�

�

(a)  RMS values of the shear stress fluctuations normalized to the corresponding
DC shear stress.

0 10000 20000 30000
0.0

0.5

1.0

1.5

2.0

Temp comp, V2 vs. τw
1/3 fit

Alfredsson et al. (1988)

Obi et al. (1995)

Kim et al. (1987)�

�

Reynolds Number

Sk
ew

ne
ss

�
�

�

(b) Skewness factor.



110

0 10000 20000 30000

0.0

2.0

4.0

6.0

8.0

10.0 Temp comp, V2 vs. τw
1/3 fit

Alfredsson et al. (1988)

Obi et al. (1995)

Kim et al. (1987)�

�

Reynolds Number

Fl
at

ne
ss

�

��

(c) Flatness factor.

Figure 4.9 Turbulence statistics based on the shear stress fluctuations recorded by the
micro shear stress sensors on the imaging chip.

 Another validation method is to compare the instantaneous output from a shear stress

on the flush-mounted imaging chip with that from a hot-wire anemometer directly above

the shear stress sensor because near wall hot wire measurement has been considered as

one of the standard techniques in the studies of sub-layer structures, although it can only

give instantaneous velocity signal at one location. The vertical distance from the hot wire

to the wall must be smaller than the vertical half scale (λy = 15 ν/uτ) of a sub-layer streaky

structure so that both the shear stress sensor and the hot wire are within the same

structure. The hot wire we used for this test is a 1 mm long platinum wire 2.5 μm in

diameter operated in CT mode with a bandwidth of 30 kHz. Its vertical distance from the

shear stress sensor is about 0.4 mm, which is equivalent to 12.5 ν/uτ at a centerline

velocity of 10 m/s. The measurement results at this velocity are shown in Figure 4.10. It

can be seen that the two output traces are very similar, indicating that the flush-mounted

shear stress sensor is truly measuring the sub-layer structure as the widely used
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conventional hot wires are. The output of the shear stress sensor gives a little more details

because it is much shorter than the hot wire.
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Figure 4.10 Comparison between the instantaneous outputs from a shear stress on the
flush-mounted imaging chip and a 1 mm long hot-wire anemometer 0.4 mm above the
shear stress sensor at a centerline velocity of 10 m/s.

The instantaneous turbulent shear stress distributions of the channel were recorded by

using one of the sensor rows on the imaging chip. Figure 4.11 shows the contour plots of

the time evolution of the shear stress distributions at two different centerline velocities.

The red streaky structures in the plots represent regions of high shear stress on the wall of

the channel where the sensor row is located. They are caused by the presence of near-wall

streamwise vortices which bring high momentum fluid from the free stream to the wall.

Due to the small-scale nature of these structures, previous experiments in turbulent

boundary layers have only succeeded in qualitatively demonstrating their existence
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without obtaining any quantitative information. This is the first time that these near-wall

structures are quantitatively recorded.

In Figure 4.11, the time axis can be converted to the spatial scale in streamwise

direction by multiplying it with the convection velocity Ucon (~ (0.5-0.6)Uc) so the plots

look like 2-D shear stress images. We call them pseudo 2-D shear stress distribution

plots. They are so named because if the lifetime of the sub-layer structures passing the

sensor row is longer than the data-taking time, these plots then represent the

instantaneous shear stress distribution of these structures in the vicinity of the sensor row.

The above assumption about the lifetime is known as Taylor’s hypothesis in fluid

mechanics and it holds in most cases.
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To confirm the validity of the above hypothesis, we have performed the real-time 2-D

shear stress imaging for a period of time using the 5 × 4 sensor array located on the top-

middle  region of the imaging chip (Figure 4.3). The results are shown in Figure 4.12. On

the right is a pseudo 2-D plot generated from the outputs of the 5 sensors on the first row

at four different times (0 ms, 0.083 ms, 0.167 ms and 0.25 ms), while on the left is the

real 2-D plot generated from the instantaneous outputs of the 5 × 4 sensor array recorded

at the time of 0.25 ms. Note that the top and the bottom of the pseudo plot correspond to

the measurements at 0 ms and 0.25 ms respectively. It can be clearly seen that these two

plots are showing the same structure. The difference is on the peak shear stress level. We

have found that the pseudo 2-D plots always show a lower peak level than the real 2-D

plots.
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Figure 4.12 Comparison of the contour plots obtained by using 4 rows of sensors (real 2-
D imaging) and by using only one row of sensors (pseudo 2-D imaging) at a centerline
velocity of 20 m/s.
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The contour plots in Figure 4.11 indicate that the scales of the streaks are different at

different centerline velocities. The streaks in the high-speed (20 m/s) case appear to be

thinner and more densely packed than those in the low-speed (8 m/s) case. Similar

phenomena have also been observed in previous experiments. Based on real-time movies

generated from the contour plots similar to the ones in Figure 4.11, the average

streamwise length, the average spanwise scale, and the average spanwise spacing of the

streaks at three different centerline velocities are estimated and shown in Figure 4.13.

Once again, the present results agree well with previous studies. The average length of the

present streaks falls within the upper and lower bounds of the established results. The

average spanwise scale and spacing of the present streaks are either on or slightly higher

than the upper bound.
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Figure 4.13 Scales of the near-wall streaky structures at different Reynolds numbers.
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4.5 Underwater Measurement

A shear stress sensor or hot-film sensor can be directly used in other electrically non-

conductive fluid flows such as polymer. However, for underwater application, the leads

or the entire sensor have to be coated with a layer of waterproof material for protection

and electrical insulation purpose because water, especially sea water, is corrosive to

metals and electrically conducting. The most commonly used coating material for

conventional underwater hot-film sensors is thin (1-2 μm) quartz. It has been found that

these quartz-coated hot-film sensors have serious drift problem during underwater

measurement [19,20], even though they are operated at very low over-heat ratio to avoid

bubble formation. The main reason is probe contamination in dirty water such as gradual

build up of scale, algae, and minerals on the probe, causing a shift in the calibration. The

other possibility might be that the surface of the conventional hot-film sensors before

coating are rough and thin quartz coating can not cover the surface very well. Also, the

sputtered quartz may not have good quality.

The coating materials for our MEMS shear stress sensors can be LPCVD silicon

dioxide, PECVD silicon nitride or some organic materials such as Teflon and parylene.

Among them, silicon nitride and Teflon are the best because nitride is resistant to sodium

ion diffusion and Teflon is completely hydrophobic. Unfortunately, the first PECVD

nitride deposition did not have good quality and spin-on Teflon did not have good

adhesion to the sensor surface. As a result, only the LPCVD silicon dioxide has been

successfully deposited on a shear stress imager wafer. The 2 μm thick oxide is patterned

by photolithography and pad-etching to expose the bonding pads.

The packaging of the imaging chip for underwater measurement is shown in Figure

4.14. Epoxy is used to protect and insulate the bonding pads, bonding wires and soldering

pads. As a result, the front surface is flat except the two bumps of epoxy on the edges of

the imaging chip, which is acceptable for a demonstration and for drift testing only.
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Figure 4.14 Schematic drawing of the packaging for underwater shear stress imager.
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Dummy Si chip
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Bonding
wires

Electrical
leads

Figure 4.15 Photograph of the packaged shear stress imager for underwater measurement.
Note that the imager is not diced in the same way as that in Figure 4.3 and the surface
surrounding the imager and the dummy Si chip is not flat because of the hand-painted
epoxy.

As usual, the sensors are biased in CT mode using the temperature compensated

circuit in Figure 4.6. The over-heat ratio is only a few percent to avoid the bubble

formation [21]. It has been found that the temporal drift of the sensor output voltage in

water flow is very small (a few percent in 24 hours), probably because the sensor surface

is smooth and the silicon dioxide deposited at 450oC has much better quality than the

sputtered quartz. Due to the lack of shear stress information in the water channel used for
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the testing, we could only calibrate the sensor against the free-stream speed (Figure 4.16).

One catch of the instantaneous output voltage fluctuation is shown in Figure 4.17.
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Figure 4.16 Calibration results of a shear stress sensor in a water channel.
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Figure 4.17 Instantaneous output voltage at a mean water flow speed of 25 cm/s.
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The above preliminary study has only shown that the shear stress imager is potentially

useful in underwater measurement. More work needs to be done, including better

packaging and extensive steady-state and dynamic testing and analysis.

4.6 Summary

A new MEMS shear stress imager has been developed. More than 100 shear stress

sensors are integrated on a 1×2.85 cm2 Si chip. Real-time 2-D shear stress imaging in air

flow has been experimentally realized for the first time by using this imaging chip. The

comparison between the measured results in a fully developed 2-D channel flow and

other researchers’ experimental and theoretical estimation has validated the use of the

imager. Its potential application includes the study and control of turbulent air flows and

even water flows, if the chip is coated with a layer of waterproof material, such as silicon

dioxide.

The  current packaging schemes for the imaging chip in air  and water flow are not

ideal as it has bonding wires sticking out from the surface which  more or less interfere

with the flow. However, this problem can be solved by improving the design such as

using buried contacts, backside contacts or the MEMS skin technology that will be

described in Chapter 6.
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Chapter 5

M3 System for Viscous Drag Reduction

In aerospace engineering, drag reduction is one of the most challenging problems of

aircraft. Drag limits the maximum speed, the maximum range of flight and the

operational cost. For example, reduction of the drag by a few percent can amount to

billions of dollars of annual savings world wide on commercial aircraft fuel cost. There

are three types of drags - pressure or form drag, drag due to lift and skin-friction or

viscous drag. The pressure drag involves the viscous influence upon the ideal or inviscid-

flow pressure field. It is generally small in the attached flow cases but increases

tremendously when flow separation occurs. Therefore, the foremost consideration for

drag control is to avoid flow separation, which in most cases can be achieved by simply

streamlining the body shape. The drag due to lift is caused by flow spillage on lifting

surfaces from high- to low-pressure regions. Skin-friction drag is the result of the no-slip

boundary condition on the wall and exists in both laminar and turbulent flows. It is equal

to the integral of shear stress over the object surface area. Therefore the skin-friction drag

in turbulent flow is higher than that in laminar flow. When the flow is attached, it is

usually the major contributor to the total drag. For this reason, the reduction of skin-

friction drag has been actively pursued by many researchers and will be the subject of

study in this chapter.

5.1 Skin-Friction Drag Reduction

It has been known for more than a decade that a surface of grooves, known as riblets,

can reduce skin-friction drag through the interaction with the sub-layer streaky structures

in turbulent flows if the groves are aligned to the mean flow direction [1,2,3]. Optimally,
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as much as 8% of drag reduction has been achieved [4]. Several flight tests performed

have also confirmed the drag reduction performance of riblets. Since the riblets have to be

in the inner layer (sub-layer) of the boundary layer in order to for the riblets to be

effective, they are called internal manipulators. In contrast to the riblets, the large eddy

break-up devices (LEBUs) which extend from the surfaces to the outer layer are known as

external manipulators or outer layer devices. They can “calm” the flow passing them, thus

reducing the drag [5,6]. These two types of manipulators are all passive control means for

drag reduction because there are no adaptation of the surface to flow. One serious

problem with these techniques is that they only work for a narrow velocity range.

In addition to the passive means, a number of researchers have also explored the

active means for reducing turbulent drags. These include the mass transport through

porous walls [7], selective suction and blowing derived from the drag reduction

mechanism on a shark’s skin [7,8,9,10], and actuator movements [11,12]. The numerical

simulations (CFD) have predicted that the interactive drag reduction scheme, i.e. the

closed-loop feedback control systems with a large amount of distributed sensors and

actuators with sizes comparable to the turbulent structures, can be much more effective

than the passive means [7]. However, the experimental realization of such micro systems

was not possible until just recently when MEMS technology is developed and introduced

to flow control.

5.2 MEMS Skin-Friction Drag Reduction Approach

High skin-friction drag in a turbulent flow is caused by the counter-rotating vortex

pairs which bring high momentum fluids down to the wall and create local high shear

stress streaks. The basic mechanism of our MEMS skin-friction drag reduction approach

is to pump the high momentum fluids in the vortices away from the wall by moving the

surface-mounted micro-flaps up and down, thus reducing the surface shear stress. This

concept has been proved by hot-wire measurements in the 2-D laminar flow section of the

wind-tunnel described in Chapter 4, where a vortex generator is placed on the wall to
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induce a stationary vortex pair and a micro-actuator is placed down-stream of the vortex

generator [13,14,15]. In Figure 5.1, the drag coefficients (defined as the drag force

normalized to the dynamic force) derived from hot-wire measurements are plotted against

the phase of the actuator excited by sine waves at different frequencies. It can be seen that

the drag coefficients with actuator movements are always lower than that without

actuator. In fact, under certain condition (e.g., actuator in the up position at the frequency

of 40 Hz), the drag coefficient is even lower than that without the vortex generator, i.e.

when the flow is laminar.
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Figure 5.1 Drag coefficient (defined as the normalized drag force to dynamic force)
change with the phase of the actuator excited by sine wave with different frequencies.

In addition to the hot-wire measurement, a hybrid MEMS control system using

individual actuator, shear stress sensors, and integrated CMOS circuits fabricated through

MOSIS is under way to directly confirm the drag reduction capability in fully developed

turbulent flows [16].
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5.3 System Integration

In the mean time of the drag reduction study using the hybrid system, we are

exploring the possibility of integrating the micro-sensors, micro-actuators and

microelectronics (M3) on a single Si chip and eventually making a complete distributed

micro-system for drag reduction on a Si wafer. We have developed a technology for the

integration of the three different types of devices and the prototype M3 chips have been

fabricated by using this technology, as shown in Figure 5.2. The chip consists of three

basic flow control units in parallel. Each unit uses one surface micromachined magnetic

actuator with torsional support beams [16]. There are three shear stress sensors biased at

constant temperature mode on the upstream of the actuator for measuring the passing sub-

layer structures. Their outputs are amplified and then fed to a CMOS edge detector

[17,18]. If a high shear stress streak is identified, the edge detector will send a signal to

activate the driver of the actuator and the driver then outputs a sinusoidal current to

oscillate the actuator. The other three shear stress sensors on the downstream of the

actuator are only used to check the effect of the actuation.

The integration process of the CMOS circuits, shear stress sensors and magnetic

actuators is far more complex than the sum of the individual processes. First, the CMOS

process has to be finished before any MEMS devices are fabricated because of its strict

requirement on the wafer cleanness and surface condition. Second, aluminum

metallization for the CMOS devices can not be done until all the high temperature (>

450oC) materials are deposited. Third, the processing temperature during the fabrication

of the MEMS devices can not exceed 950oC in order to prevent the change on the doping

profiles of the fabricated CMOS transistors. This has ruled out the possibility of having a

separate LOCOS just for MEMS devices. Finally, certain masking materials other than

photoresist are needed to protect the structures that are not being processed during various

sacrificial layer etchings (high-concentration HF etch, TMAH etch, etc.).
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Shear stress
sensors
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Figure 5.2 A 1×1 cm2 prototype M3 chip with integrated shear stress sensors, micro
magnetic actuators and CMOS control circuits.

Based on the above considerations, we have designed the process for the fabrication

of the prototype M3 chips, which is described in Appendix A. Totally, the process

includes 22 masking steps. The simplified process flow with cross-sections are shown in

Figure 5.3. The baseline CMOS process steps up to the deposition of PSG are finished in

the Microlab of the University of California at Berkeley. The wafers are then sent to our

lab for the fabrication of the shear stress sensors and the processing of the high

temperature materials for the actuators. Metallization for the CMOS circuits and the shear

stress sensors are completed in Berkeley. Finally, we finish the low temperature

processing steps for the actuators, including the deposition and patterning of LTO and

chrome/gold, and the sacrificial layer (polysilicon) etching in TMAH and BrF3 [16].
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7.  Open contact holes and perform metallization for CM OS circuits and shear  stress  sensors.
     Pattern  nitride on actuators. Aluminum Etch hole

8.  D eposit and pattern thick LTO for protection. Evaporate and pattern first chrome/gold.

10.  Electroplate permalloy. TM AH/BrF3 releases actuators.

9.  D eposit and pattern  LTO for insulation. Evaporate and pattern second chrome/gold.

Figure 5.3 Simplified process flow the prototype M3 chips.
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Figure 5.4 shows the picture of a shear stress sensor on the M3 chips. It is slightly

different from sensors on the shear stress imagers. First, the polysilicon wire is chosen to

be 15 μm wide so that the voltage drop across the 1:1 Wheatstone bridge in the CT circuit

is below 5V. Second, the LOCOS thickness in Berkeley baseline CMOS process is only

0.7 μm, much less than the required 1.8 μm. We have used the 0.7 μm Berkeley PSG to

compensate the LOCOS thickness. Meanwhile, we have increased the thickness of our

own PSG from 0.4 μm to 0.6 μm in an attempt to further deepen the cavities to the

normal 2 μm. However, these were not enough to keep the 1.2 μm thick diaphragms away

from the bottom of the vacuum cavities due to the much different boundary conditions

(Figure 5.5). It has been found that we need 1.6 μm or thicker diaphragms to prevent

them from being sucked down to the cavity bottoms by the vacuum.

The overall wafer surface roughness before the contact hole opening and metallization

for the CMOS circuits is about 2.7 μm as a result of lifting the diaphragms above wafer

surfaces, which has greatly exceeded the 1 μm limit accepted by the CMOS process

vendors who generally use thin photoresist for their UV lithography in order to get fine-

line features. Therefore, the lithography for the contact opening and metallization of the

CMOS circuits can only be done in our lab using thick photoresist. This would more or

less affect the yield of the 2 μm CMOS transistors. Nevertheless, we have found that the

test transistors on the wafers with finished shear stress sensors have the same yield (80-

90%) as those on the wafers which only went through the complete baseline process in

Berkeley Microlab. The threshold voltages of the test transistors on all wafers are about

0.8 V. This means that the additional processing steps at temperatures up to 900oC did not

have significant effect on the performance of the CMOS transistors.
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Figure 5.4 Photograph of the low voltage shear stress sensor on a M3 chip. The
polysilicon wire is 15 μm wide and 150 μm long. The Newton rings are the result of the
bending on the diaphragm by the vacuum underneath.

(a) (b)

Diaphragm
DiaphragmSoft  supportrigid support

Si substrateSi substrate

Vacuum cavity
Vacuum                         cavity

Figure 5.5 Deflection of  diaphragms on top of  vacuum cavities with (a) rigid and (b) soft
supports.

For future efforts on the integration, we need to look into other commercial CMOS

process foundries who have better yields and more flexibility in accommodating certain

process steps which are important to our MEMS devices but still compatible with the

CMOS process. For example, a 1 μm deep fully recessed LOCOS is not difficult to

develop and is acceptable to a 2 μm CMOS process, but it can greatly reduce the surface

roughness of the shear stress sensors. The proposed cross-sectional design shown in

Figure 5.6 has a surface roughness less than 1.4 μm, thus allowing the wafers with
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fabricated shear stress sensors to go back to the vendors to finish the remaining CMOS

process steps (contact opening and metallization).

2.3

0.9
1.8 1.8
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1.4  

1.91.4 1.2 0.9

Figure 5.6 The proposed design with 1 μm fully recessed LOCOS and greatly reduced
surface roughness. The numbers are the surface levels relative to the silicon surface in
unit of microns.

5.4 Conclusion

We have described a novel approach that is capable of controlling turbulent boundary

structures and reducing the skin-friction drag through the interaction between the flow

and the micro transducers. We have also developed a technology for the integration of

micro-sensors, micro-actuators and microelectronics on a single chip (M3 chip). Prototype

M3 chips designed for the skin-friction drag reduction and consisting of micro shear stress

sensors, micro magnetic actuators and CMOS circuits have been fabricated by using this

technology. However, some improvements on the design of process, layout and circuits

need to be done before we can produce a working M3 chip for drag reduction.
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Chapter 6

Flexible MEMS Technology and

Shear Stress Sensor Skin

6.1 Introduction

In some research involving the study and control of a distributed system, it is essential

to obtain the real-time profiling of certain physical parameters such as temperature, force,

pressure or shear stress on a 3-D object. If the surface of the object is flat, the profiling

can be achieved by using a monolithic MEMS sensor array [1]. However, this can be

much more difficult if the surface is non-planar. For example, in aerodynamics study, the

most popular research objects such as an air foil have non-planar or even high-curvature

surfaces. In the past, when real-time distribution measurement was necessary, embedding

all the discrete sensors on a surface was the only way. Nevertheless, large sensor size and

difficulty in packaging, i.e., plumbing and wiring, have limited the wide application of

these measurements.

It has been our goal to develop a flexible MEMS technology to produce smart skins

(with integrated MEMS devices) that can be easily taped or glued on non-planar surfaces.

Retrospectively, Barth et al. [2] in 1985 reported the first version of this idea with a one-

dimensional flexible Si-diode temperature sensor array in which a polyimide strip was the

flexible material connecting Si islands formed by isotropic HNA etching. However, the

authors claimed that this technology needed some major improvements before it could be

applied to more sophisticated sensor systems. This sensor skin concept, unfortunately,

was not pursued further until 1994, when Beebe and Denton [3] presented their effort on

improving the robustness and reliability of flexible polyimide skins.  Their skins did not
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bear any real devices. The major lead failure mechanism was identified as the breakage of

the thin silicon on the island periphery (Figure 6.1). Since the basic process was the same

as that developed by Barth, the methods used to enhance the robustness, including taping

and coating of epoxy on both front and back sides of the skins, were all performed

manually as post-processing steps. It is obvious that these are not the ideal solutions for a

reliable as well as mass-producible smart skin technology. Recently, we learned that,

almost concurrent to our effort, Bang and Pan [4] also have an on-going project to

develop a flexible heat-flux sensor array which is made by direct deposition of thin-film

metals on commercial Kapton polyimide substrates, based on the smart skin technology

reported by Mehregany et al. [5]. As a matter of fact, this basic technology is nothing new

and has already been used to make polyimide-based hot-film shear stress sensors

[6,7,8,9,10,11].  A large array of metal temperature sensors can be made in this way, but

its drawback is that neither ICs nor silicon MEMS can be integrated with this approach;

hence, only limited types of sensors are available and hybrid assembly of electronic

circuits is unavoidable.

In comparison, the work we present here is a new flexible skin technology designed

to be compatible with both IC and MEMS fabrications. Due to  the much stronger

periphery of the silicon islands formed by nearly vertical RIE, the skin reliability has

been greatly improved. Moreover, we have realized a 2-D flexible skin integrated with

more than 100 shear stress sensors. This skin has further been mounted on a 3-D leading

edge of a delta wing and successful 2-D shear stress measurements are obtained. For the

first time, the air flow boundary layer separation over the leading edge of a delta wing is

determined experimentally in real time.

6.2 Flexible Skin Technology

As mentioned in the previous section, almost all the lead failures on the flexible skins

made by Barth and Beebe were caused by the breakage of the thin peripheries on the Si

island during the squeezing and folding test. The thin and weak Si island periphery was
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the natural result of isotropic HNA etching (Figure 6.1a). In comparison, the island

shapes formed by caustic anistropic etchants such as TMAH or KOH and by the

combination of anisotropic etching and RIE are much more robust when subjected to

squeezing and folding (Figure 6.1b & c). Unfortunately, the above caustic etchants attack

all types of polyimides, so that polyimide layers must be coated after the islands are

formed or protected from the etchants during the etching. Using gold or other expensive

metals as the protection materials is not only costly, but also incompatible with IC

processes. The one-sided etching apparatus is not usable as the pressure difference

between the two sides would cause the rupture of the polyimide near the end of the

etching, or a small leak on the wafer near the end of the etching would attack the

polyimide on the front side. The approach of coating polyimide after island formation is

not feasible either, unless proper material remains to support the islands after the etching

and can be removed with ease after the polyimide is coated. Our new flexible MEMS

technology is based on this idea with additional modifications.

Figure 6.2 is the simplified process flow of this new technology. It starts with

selective TMAH or KOH etching on the backside of a double-side polished (100) Si

wafer with silicon nitride being the mask material to form a Si membrane of desired

thickness. Aluminum is evaporated on the front side and patterned to cover the area

between future Si islands. Polyimide is spun-on, cured and patterned to cover the

patterned Al completely. Normal Al metallization then follows to provide electrical leads.

Another polyimide layer is spun-on and patterned to expose the bonding pads. RIE

etching on the backside using Al as masking material removes the Si on the streets

between Si islands. Here the first layer of Al serves as the etch stop during this SF6-based

RIE etching step. Finally, a thick polyimide layer is spun-on and cured on the backside to

sandwich the Si islands. The finished skins are then cut off from the Si wafer frame by a

razor blade.
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(a)  by HNA isotropic etching.

Si island Si island

(b)  by anisotropic etching (TMAH or KOH).

Si islandSi island

(c)  by a combination of anisotropic etching and RIE.

Figure 6.1 Si island shapes formed by different ways.

Figure 6.3 shows the photograph of a fabricated flexible skin about 8 cm in diameter

with 2 x 2 mm2 Si islands. Since we are only demonstrating the concept here, the skin did

not contain actual devices. However, it is obvious that the above process is compatible

with IC process as it involves only aluminum and polyimide which are commonly used in

IC fabrication. We can start with a wafer with fabricated IC and MEMS (without

metallization) and the above process needs only minimal adjustment to produce flexible

MEMS skins. Such flexible MEMS skins have already been realized and will be

presented in the next section.
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1. TMAH or KOH selectively etches backside.

2. Aluminum/polyimide/aluminum/polyimide
    processing on frontside.

3. RIE etches backside using aluminum mask.
    Polyimide processing on backside.

Figure 6.2 Simplified process flow of the new flexible skin technology.

Figure 6.3 Picture of a wafer-size flexible skin.
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In the above process, the Si islands are formed by RIE-etching the Si diaphragm.

Since the diaphragm thickness is less than 100 μm and the RIE etching is nearly vertical,

we can well-define islands with dimension as small as 100 μm and spacing less than 50

μm, which makes it possible for the skin to be applied on a very high-curvature surface

with good conformal coverage. For obvious reasons this can not happen if any of the

island-forming techniques shown in Figure 6.1 are used (HNA etching is isotropic and

TMAH or KOH etching requires large corner compensation structures to avoid fast

undercut of corners). Of course, there is some disadvantages in using Si diaphragm and

thin islands. First, extreme care must be taken of the wafers during processing as they are

very fragile. However, if the individual skin is not too big, the wafers are reasonably

robust to survive the whole process.  Moreover, if a robust one-sided wet Si etching or

deep RIE etching is available, the formation of Si diaphragm can be delayed until all the

processing steps on the wafer front side are finished, thus reducing the risk of wafer

breakage significantly. Second, thin Si islands can not take as much force as thick ones.

This is generally not a concern for most applications where the skins do not contact other

objects after being mounted.

Table 6.1 Properties of DuPont Pyralin® PI-2808 polyimide.

Density 2.3 g/cm2

Tensile strength 210 MPa

Young’s modulus 2.3 GPa

Elongation at break 88%

Stress for 10 μm thick film 18 MPa

Peel test adhesion 0.23 g/mm

Dielectric constant 3.3

Cure temperature 350 oC

Decomposition temperature 580 oC

Polyimide was chosen as flexible skin material, just as in the previous works due to
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its good mechanical strength and flexibility. We used DuPont’s Pyralin® PI-2808

polyimide which has a tensile strength of 210 MPa [12]. This value is one of the highest

among all the spin-coated polyimides and is almost the same as that of Kapton (231 MPa)

[13],  a product also made by DuPont and commonly used as a flexible runner for

providing reliable connections to moving print heads. Some properties of the PI-2808

polyimide are listed in Table 6.1.

In the process, the thickness of each polyimide layer on the front side of the wafer is

3-4 μm after curing at 350oC. Since the polyimide layers are not exposed to strong acids

or bases, their mechanical properties are not degraded. Then a total of 7 μm thick

polyimide on the front should be able to stand a tensile force of 1.47 kg/mm, which is

fairly strong. However, the peel-off forces of the polyimide from Si substrates given by

the manufacturer is only about 0.23 g/mm.  Therefore, even a very small shear force

exerted on a Si island would peel it off. One solution to this problem is to spin thick

polyimide (10 μm) on the back side of the wafer to fully encapsulate the islands. The total

polyimide thickness between islands becomes 17 μm and the maximum tensile force that

the skin can stand is increased to 3.57 kg/mm.

As for the metal leads, they are completely embedded in two polyimide layers on the

flexible area. Also, the Si islands they are sitting on do not have weak edges. Therefore,

they should be able to stand repetitive squeezing and bending without breakage. In our

initial testing, no metal lead failure has been observed after more than 100 times of 90o-

180o bending.

6.3 Flexible Shear Stress Sensor Array

It is important to demonstrate that useful MEMS devices can indeed be integrated on

a flexible substrate with this flexible skin technology. Based on the following two

considerations, we target our first effort on the development of a flexible shear stress

sensor array. First, the micromachined thermal shear stress sensor we developed

previously has been useful in turbulent flow study since its invention. For example, arrays
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of shear stress sensor  on a rigid substrate have been used to detect the real-time shear

stress distribution on a flat (i.e., 2-D) surface for flow-induced drag reduction study

[1,14]. However, its application has so far been limited to 2-D flow due to the lack of

flexible packages. The development of a flexible shear stress sensor array is the only way

to extend its application  to 3-D flow. Second, the fabrication of shear stress sensors is a

surface micromachining process with reasonably high complexity. It will be a good

demonstration of  the compatibility between  the flexible skin and MEMS technologies.

Figure 6.4 shows the simplified fabrication process flow with cross-sections of the

flexible shear stress sensor array. The detailed process description is in Appendix A. It is

basically the combined fabrication processes for the shear stress sensor and the skin. The

only mixing is that contact holes are opened after the first aluminum/polyimide

processing so that they are fresh and clean for the immediately following metallization.

High-quality double-side polished (100) Si wafers and good double-side alignment marks

made at the very beginning of the fabrication are crucial to this complicated process.

Figure 6.5 and  Figure 6.6 are the photographs of a shear stress sensor and the finished

flexible sensor respectively. The skin is 1 cm wide, 3 cm long, and it consists of two 32-

sensor rows with a horizontal pitch of 635 μm and many other test devices (a total of

more than 100 sensors). The two sensor rows are 5 mm apart and located between the

pairs of white square boxes in the picture. Their bonding pads are extended to the left and

right edges of the skin. The layout is designed in such a way that each sensor row spans

the semi-cylindrical surface (1.3 cm in diameter) of a delta wing leading edge under study

with an angular resolution of 5.6o.  Each sensor occupies 250 x  250 μm2 and the

dimension of each Si island is 450 μm x 550 μm (75 μm thick) to fully accommodate one

sensor and to achieve excellent surface smoothness and conformability. Fig. 7 shows the

picture of a skin sitting on a conic object. Its good flexibility is seen from the bending of

the skin due to gravitation.
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Figure 6.4  Fabrication process flow of the flexible shear stress sensor skin.
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Figure 6.5 Photograph of a shear stress sensor. A square silicon nitride diaphragm
(200×200 μm2) with an embedded polysilicon wire is on top of a  vacuum-sealed cavity.

Sensor rows

Figure 6.6 Picture of a flexible shear stress sensor array (1 cm × 3 cm).
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Figure 6.7 A flexible shear stress sensor skin sits on a conic object. The bending is caused
by gravitation.

6.4 Packaging and Calibration of the Shear Stress Sensor Skin

The shear stress sensor skin is specially designed for the shear stress measurement on

the leading edges of the delta-wing model in the UCLA Fluid Mechanics Laboratory,

which is shown in Figure 6.8. It has a swept angle of 56.5o. The leading edges span 36.5

cm from the apex to the trailing edge. Their surfaces are semi-cylindrical with a diameter

of 1.3 cm. For the testing purpose, the leading edges are detachable and one of them is

further divided into many blocks of removable semi-cylinders 2 cm long and 1.3 cm in

diameter. The block on which the sensor skins will be mounted is recessed by about 100

μm to compensate the skin thickness. By moving the skin block along the whole leading

edge block by block, we are able to map out the steady-state shear stress distribution,

which is enough in laboratory testing. Of course, if instantaneous shear stress profiling is

required,  the whole leading edge surface has to be covered  with sensor skins. This will

be difficult, if not impossible, because of the huge amount of external leads and
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electronics involved. The best solution will be the integration of sensors with electronics,

as we will discuss later in this chapter.

f l e x ib l e
  sk ins

L

40.4 cm
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36
.5

 c
m

2 cm

Figure 6.8 Schematic of the delta wing.

Figure 6.9 shows the schematic of the cross section of the packaged skin block. The

packaging procedures are as follows: first, two skins are glued to the semi-cylinder with

the sensors on the curved surface and the bonding pads extended to the flat surface; then a

circuit board with pre-soldered wires is attached to the flat surface next to the bonding

pads of the skins; ultrasonic wire bonding is performed to electrically connect the sensor

leads on the skin to the circuit board; finally the bonding wires are fixed by epoxy. Here,

the circuit board is a piece of Si with gold bonding and soldering pads specially designed

and fabricated for this purpose (Figure 6.10). The finished block is then shown in Figure

6.11, which is ready for delta wing testing.



145

bottom

top

e l e c t r i c a l  l e a d s

b o n d i n g  w i r e

    s i l i c o n
c i r c u i t  b o a r d

  d e l t a  w i n g
l e a d i n g  e d g e

f l e x i b l e
  s k i n

θ

1 . 3  c m

d
el

ta
 w

in
g

 b
o

d
a

y

Figure 6.9 Packaging scheme for the flexible shear stress sensor skin on delta wing
leading edge block.

Figure 6.10 Picture of a Si circuit board.

Figure 6.11 Two flexible skins wrapped around on a semi-cylindrical block,  2 cm long
and 1.3 cm in diameter.
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Before the packaged skin block is mounted on the delta wing for shear stress

distribution measurement, it is calibrated by using the flow-over-cylinder method. The

skin block and the other dummy blocks are combined together to form a long semi-

cylinder. Another piece of semi-cylinder with the same length is attached to the long

semi-cylinder to form a full cylinder, which is placed inside the wind tunnel with the skin

surface facing the flow. The sensor outputs at different flow velocities are measured by

using an A/D converter. Since the shear stresses at different φ on the middle section of the

cylinder can be calculated from the flow velocity, the sensors are calibrated. These

calibration results agree well with those obtained in a fully developed 2-D channel flow

where a skin is flushed mounted on the wind-tunnel wall (Figure 6.12). We can conclude

that the sensors on the flexible skin behave the same as those on rigid substrates because

the square of the output voltage is proportional to the one-third power of shear stress τ

with a sensitivity of 100 mV/Pa under constant temperature bias.
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Figure 6.12 Calibration results of the sensors on flexible skins.
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Another interesting result obtained from the flow-over-cylinder calibration method is

the detection of flow separation by the sensor skin. In Figure 6.13, the local shear stress

has a minima at φ ≈ 85o, which is corresponding to the flow separation point in the 2-D

flow field. This value is very close to that reported by other researchers [15,16].
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Figure 6.13 Flow separation at φ ≈ 85o on a cylinder is detected during the calibration.

6.5 Measurement on Delta Wing

The operation of a delta-wing at certain angle of attack depends on the counter-

rotating leading edge vortex pair, as shown in Figure 6.14. Recently, there have been

some studies on manipulating the vortex patterns to achieve better stability and

maneuvrability at high angle of attack. The control scheme developed by the UCLA-

Caltech research group is to selectively activate millimeter-size micro-flaps on the

leading edge curvature. It has been experimentally confirmed that the control is most

effective when the flaps just before the flow separation line are deflected out of plane
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[17,18]. Therefore, the correct measurement of the flow separation line along the leading

edge surface is essential to the success of this control scheme.

Stagnation
point

Separation
point

Stagnation
point

Delta wing

Separation
point

Leading edge
vortices

Figure 6.14 Flow separation on the leading edges of a delta wing.

Figure 6.15 Picture of the skin-mounted delta wing model.
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The test section of the wind-tunnel used for this study is 22 ft (6.7 m) long with a

cross-sectional area of 3 ft by 3 ft or 0.9×0.9 m2. The maximum air flow speed is 45 m/s.

Figure 6.15 shows the delta wing model together with the mounted flexible skins

installed in the wind-tunnel. The Reynolds number can be calculated by using the chord

length of the delta wing, i.e., the distance from the apex to the middle of the trailing edge,

as the characteristic length l. It is about 5.4×105 at an air flow speed of 30 m/s.

Measurements have been done for different flow velocities (U), skin locations (L) and

angles of attack (AOA, defined as the angle between the air flow and the delta wing

plane). For example, Figure 6.16 shows the averaged output voltages (after gain of 10) of

the sensors for U = 30 m/s, L = 29 cm and AOA = 30o. Sensor locations are indicated by

θ, which is 0° at the bottom surface and 180° at the top surface. The averaged shear stress

has a minima at about 110o. Here, we can not assume that the flow boundary layer starts

to separate from the leading edge surface at this location because the 3-D flow field is

much more complicated than the flow over a cylinder. Fortunately, there is another

unique phenomenon related to the flow separation, that is, the surface shear stress

fluctuation stays low before separation, and rises sharply after separation (Figure 6.17).

Therefore, we can identify a separation point through the measurement of the root-mean-

square (RMS) value of shear stress fluctuation. Figure 6.18 shows the RMS results of one

measurement,  from which the separation point is found to be at θ = 80o. In fact, this is

the first time separation points are experimentally determined in real time. The separation

line along the leading edge is consistent with the data measured from a single shear stress

sensor that was placed around the leading edge point by point in steady state flow (Figure

6.19) [19]. Based on our data, it is concluded that, for real time flow control, a single

sensor is no longer enough and the flexible shear stress arrays are necessary because the

flow separation point along the leading edge is a function of changing U, L and AOA in

real flow field.
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Figure 6.16 Averaged output from one row of sensors on a skin.
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Figure 6.17 Output voltages (after gain of 10)  from the sensors located before and after
the flow separation point at velocity of 30 m/s.
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Figure 6.18 RMS fluctuation used to identify separation point.
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Figure 6.19 Comparison of separation lines measured by a single sensor and a flexible
shear stress sensor array.
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6.6 Sensor-Actuators Skin and Conformable M3 System

The flexible MEMS technology has been applied to the fabrication of sensor-actuator

skins. The sensors are the shear stress sensors and the actuators are the surface

micromachined magnetic coil flap previously developed by the Caltech Micromachining

Lab [20]. Figure 6.20 shows the layout of the sensor and actuator arrays on the 1×3 cm2

skin. It has 1×36 sensors and 3×9 actuators. The purpose of the skin with this layout

design is for the real-time control of the delta wing model in UCLA.

sensors

actuators

bonding
   pads

1 cm

3 cm

Figure 6.20 Layout design of the sensor-actuator skin for delta wing control.

Figure 6.21 the simplified fabrication process flow. Here, thick (2 μm) thermal silicon

dioxide, instead of aluminum, is used as the etch stop in the final RIE etch step because

aluminum can not be deposited under the flaps. This small change has actually caused

some major problems. First, since the thermal oxide is grown on most of the front side

but not on the backside, the wafer warpage caused by its intrinsic stress after the Si

diapgram is formed becomes very serious. The solution is to grow thermal oxide on the

backside. Second, as soon as the silicon under the flap area is removed by the final RIE

etching, the flaps curl so badly due to the huge intrinsic stress that many of their torsional

beams are broken. Figure 6.22 shown the sensor-actuator skin with the highest flap

survival rate (80%) on a wafer. The solution is to spin-coat a few microns of polyimide
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on the front side and bake the wafer at 150oC for 30 min. before the RIE etching. The

flaps are then protected against curling by the polyimide during and after the RIE etching.

By first etching away the exposed oxide with BHF and then removing the protective

polyimide with acetone/alcohol, the flaps are free-standing. However, even the surface

flaps can survive the process, they are usually not robust in flow field and not very

effective in flow control. The bulk flap is probably the better choice.
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Figure 6.21 Simplified process flow for the sensor-actuator skin.
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Figure 6.22 Picture of the best sensor-actuator skin on a wafer.

Finally, we propose the conformable M3 system for delta wing control. Its cross-

section is shown in Figure 6.23, which is basically the flexible skin version of the M3

system for drag reduction described in Chapter 5. Here we have chosen the bulk

micromachined flaps as the micro-actuators. The first polyimide layer serves as the inter-

metal insulation for the flaps as well as the part of the flexible skin. It can be replaced by

PSG or other inter-metal insulation materials with only a minor sacrifice on the

robustness of the skin if it is not used by the IC manufacturers.

Bulk flap
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Figure 6.23 Cross-section of the proposed conformable M3 system for delta wing control.

6.7 Summary

A novel flexible MEMS skin technology has been developed and it is fully

compatible with IC process. The major lead failure occurred in previously reported

technologies has been eliminated through the proper shaping of Si islands.  Moreover, Si
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islands as small as 100 μm can be defined with good accuracy, which allows the skins to

be applied on small surfaces with large curvatures. The first application of this

technology has produced a flexible shear stress sensor array that was successfully used in

aerodynamics for the real-time measurement of shear stress distribution on 3-D surfaces.
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Appendix A

Description of Fabrication Processes

The detailed description of each fabrication process developed in the thesis is

presented in this appendix.

A.1 Micromachined Hot-Wire Anemometer

1.  Start with 4” (100) Si wafers with 70 μm epitaxial layer and 8 μm heavily boron-

doped layer.

2.  LPCVD  low stress silicon nitride.

2.1  Standard piranha wafer cleaning.

2.2  Silicon nitride deposition: 835 oC, DCS 65 sccm, NH3 16 sccm, 30 min..

Target: 0.2 μm.

3.  LPCVD LTO.

3.1  Standard piranha wafer cleaning (omitted if immediately follow step #2).

3.2  LTO deposition: 450 oC, SiH4 42.8 sccm, O2 62 sccm, 200 min.. Target

thickness: 2 μm.

4.  LPCVD polysilicon.

4.1  Standard piranha wafer cleaning (omitted if immediately follow step #3).

4.2  Polysilicon deposition: 560 oC, SiH4 80 sccm, 170 min.. Target thickness:

0.55 μm.

5.  Dope and anneal polysilicon.

5.1  Boron ion implantation: energy 80 keV, dose 1×1016 cm-2.

5.2  Standard piranha wafer cleaning.
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5.3  Annealing: 1050 oC, 1 hr..

6.  Pattern polysilicon.

6.1  Standard photolithography.

6.2  RIE etching: SF6 65 sccm, O2 15 sccm, 600 W, 4 min. for both front and back side.

6.3  Remove photoresist with acetone followed by plasma ashing.

7.  Deposit metals.

7.1  Standard piranha wafer cleaning.

7.2  Evaporate 1 μm Cr/Au.

8.  Pattern Cr/Au.

8.1  Standard photolithography.

8.2  Etch Au with gold etchant.

8.3  Etch Cr with chrome etchant.

9.  LPCVD LTO.

9.1  TCE wafer cleaning.

9.2  LTO deposition: 450 oC, SiH4 42.8 sccm, O2 62 sccm, 400 min.. Target

thickness: 4 μm.

10.  Pattern front side.

10.1  Standard photolithography.

10.2  Etch LTO with BHF: 0.2 μm/min.

10.3  Plasma-etch nitride (from step #3): CF4/O2, 200 mT, 200 W, 4 min.. Target

etching depth: 0.4 μm.

10.4  Etch thermal oxide (from step #2) with BHF: 80 nm/min..

10.5  Remove photoresist with acetone followed by plasma ashing.

11.  Pattern backside.

11.1  Standard piranha wafer cleaning.

11.2  Standard photolithography on backside.

11.3  Plasma-etch nitride (from step #3): CF4/O2, 200 mT, 200 W, 4 min.. Target

etching depth: 0.4 μm.
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11.4  Etch thermal oxide (from step #2) with BHF: 80 nm/min..

11.5  Remove photoresist with acetone followed by plasma ashing.

12.  EDP etching.

12.1  Standard piranha wafer cleaning with 5% HF dip.

12.2  EDP etching: 95 oC, 10 hrs.

13.  Boron layer, nitride and LTO removal.

13.1  TCE wafer cleaning.

13.2  RIE etching on wafer backside: SF6 65 sccm, O2 15 sccm, 600 W, 16 min..

13.3  BHF etching: 40 min..

A.2 Micromachined Shear Stress Sensor

1. Start with 4” single-side polished Si wafers.

2. LPCVD low stress nitride deposition.

2.1  Standard piranha wafer cleaning.

2.2  Silicon nitride deposition: 835 oC, DCS 65 sccm, NH3 16 sccm, 70 min..

Target: 0.5 μm.

 3. Pattern nitride.

 3.1 Standard photolithography.

 3.2 Plasma etching: CF4/O2, 200 mT, 200 W, 6 min.. Target etching depth: 0.9 μm.

 3.3 Remove photoresist with acetone followed by plasma ashing.

 4. Local oxidation (LOCOS).

4.1  Standard piranha wafer cleaning.

4.2  Thermal oxidation: 1050 oC, O2 0.5 liter/min., DI water 10 drops/min., 12

hrs.. Target thickness: 2.1 μm.

 4.3 Planarization: BHF etches back.

 5. LPCVD PSG.

5.1  Standard piranha wafer cleaning.
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5.2  PSG deposition: 450 oC, SiH4 20 sccm, O2 62 sccm, PH3 10 sccm, 60 min..

Target thickness: 0.4 μm.

 5.3 Anneal PSG: 950 oC, 30 min..

 6. Pattern PSG.

 6.1 Standard photolithography.

 6.2 BHF etch PSG: 2.5 min..

 6.3 Remove photoresist with acetone followed by plasma ashing.

 7. Anneal PSG.

 7.1 Standard piranha wafer cleaning.

 7.2 Anneal PSG: 1050 oC, 30 min..

 8. LPCVD low stress silicon nitride.

8.1  Standard piranha wafer cleaning (omitted if immediately follow step #8).

8.2  Nitride deposition: 835 oC, DCS 65 sccm, NH3 16 sccm, 180 min.. Target:

1.3 μm.

 9. Pattern nitride to open etch holes.

9.1  Standard photolithography.

9.2  RIE etching: SF6 65 sccm, O2 15 sccm, 600 W, 20 min.. Target etching depth: 1.5

μm.

9.3  Remove photoresist with acetone followed by plasma ashing.

10. Sacrificial layer etching.

10.1  Standard piranha wafer cleaning.

10.2  High concentrion HF (49%) etches PSG and thermal oxide: 25 - 30 min..

10.3  DI water rinse: 20 min.. Spin dry.

11. Seal cavities in vacuum.

11.1  Standard piranha wafer cleaning.

11.2  Bake at 600 oC for 30 min..

11.3  LPCVD LTO deposition: 450 oC, SiH4 42.8 sccm, O2 62 sccm.Target

thickness: 1 μm.
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11.4  LPCVD low stress nitride deposition: 835 oC, DCS 65 sccm, NH3 16 sccm,

70 min.. Target: 0.5 μm.

12. Pattern sealing materials.

12.1  Standard photolithography.

12.2  Plasma-etch nitride: CF4/O2, 200 mT, 200 W, 6 min.. Target etching depth: 0.6

μm.

12.3  BHF-etch LTO: 6 min..

12.4  Remove photoresist with acetone followed by plasma ashing.

13. LPCVD polysilicon.

13.1  Standard piranha wafer cleaning.

13.2  Polysilicon deposition: 560 oC, SiH4 80 sccm, 170 min.. Target thickness:

0.55 μm.

14. Dope and anneal polysilicon.

14.1  Boron ion implantation: energy 80 keV, dose 1×1016 cm-2.

14.2  Standard piranha wafer cleaning.

14.3  Annealing: 1050 oC, 1 hr..

15. Pattern polysilicon.

15.1  Standard photolithography.

15.2  RIE etching: SF6 65 sccm, O2 15 sccm, 600 W, 4 min..

15.3  Remove photoresist with acetone followed by plasma ashing.

16. LPCVD low stress silicon nitride deposition.

16.1  Standard piranha wafer cleaning.

16.2  Nitride deposition: 835 oC, DCS 65 sccm, NH3 16 sccm, 30 min.. Target: 0.2

μm.

A.3 M3 System

1.  Start with p-type (100) Si wafer with resistivity of 8-12 Ω⋅cm.

2.  Grow 0.1 μm SiO2.
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3.  Define N well {CWN}.

4.  Implant phosphorus with dose of 5×1012/cm2 at energy of 150 keV.

5.  Drive-in well to 3.4 μm.

6.  Grow 30nm SiO2 (pad ox)

7.  Deposit 0.1 μm silicon nitride.

8.  Pattern silicon nitride to define active area (PR1) [Active] and LOCOS {CAA}.

9.  Define p-field (PR2).

10.  Implant boron with dose of 1.5×1013/cm2 at energy of 70 keV.

11.  Grow LOCOS 0.65-0.7 μm.

12.  Remove silicon nitride (from step #7).

13.  Remove oxide (from 6 - pad ox).

14.  Grow sac. oxide 20 nm.

15.  Implant boron 1.7×1012/cm2 at energy of 30 keV.

16.  Remove sac. oxide (from step #14).

17.  Grow gate oxide 30nm.

18.  Deposit 0.450 μm gate polysilicon [Poly].

19.  Pattern gate polysilicon {CPG}.

20.  Deposit cap. oxide 80 nm.

21.  Deposit 0.45 μm cap. polysilicon [Poly2].

22.  Pattern cap. polysilicon {CEL}.

23.  Define N+ source and drain.

24.  Implant arsenic with dose of 5×1015/cm2 at energy of 160 keV.

25.  Anneal N+ source and drain.

26.  Deposit 0.7 μm PSG.

∗∗∗ Back to Caltech at this point ∗∗∗

27.  Pattern PSG (from step #26) [fberk_psg] {FEP}.
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28.  Deposit 0.4 μm PSG at 450 oC (SiH4 20 sccm, O2 62 sccm, PH3 10 sccm).

29.  Deposit 1 μm polysilicon at 620 oC (SiH4 80 sccm, 140 A/min.).

30.  Pattern polysilicon [tpoly] {TNP}.

31.  Pattern PSG (from step #28) [fcaltech_psg] {NG}.

32.  Deposit 1.3 μm low stress silicon nitride at 835 oC (DCS 64.7 sccm, NH3 15.6

sccm).

33.  Pattern nitride to open etch holes [fhole_etch] {NS}.

34.  Sacrificial layer (PSG and oxide) etching with 49% HF.

35.  Deposit 1 μm LTO at 450 oC (SiH4: 42.8, O2: 62 sccm).

36.  Deposit 0.4 μm low stress silicon nitride at 835 oC.

37.  Pattern silicon nitride [fseal_pad_nitride].

38.  Etch LTO (from step #35).

39.  Deposit  0.55 μm polysilicon at 560 oC (SH4 80sccm)

40.  Implant boron on polysilicon with dose of 1×1016 cm-2 at energy of 80 keV;

41.  Anneal polysilicon at 900 oC for 1 hour.

42.  Pattern polysilicon [fpoly].

43.  Deposit 0.2 μm low stress silicon nitride.

44.  Pattern silicon nitride [fcontact] {NC}.

45.  Pattern silicon nitride (from step #32) [fnitride] {FN}.

46.  Define contact holes for electronics.

47.  Etch contact holes (Berkeley).

48.  Sputter 0.6 μm aluminum (Berkeley).

49.  Define aluminum (Caltech).

50.  Etch aluminum (Lam/plasma) [Metal1] {CMF} (Berkeley).

51.  Sintering (Berkeley).

52.  Pattern aluminum (wet etch) [fberk_metal] {NM}.

53.  Pattern silicon nitride (from step #32) [tnitride_etch] {TNC}.

54.  Deposit 2 μm LTO.
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55.  Pattern LTO [tlto_etch] {TNG}.

56.  Evaporate 0.4 μm Cr/Au.

57.  Pattern Cr/Au [tmetal1+] {TNM}.

58.  Deposit o.5 μm LTO.

59.  Pattern LTO [tlto2_etch] {TLYRL} <add to over sensor like LTO1>

60.  Evaporate 0.4 μm Cr/Au.

61.  Pattern Cr/Au [tmetal2+] {TNMS}.

62.  Evaporate Cr/Cu seed layer.

63.  Pattern seed layer [tplating] {TNS}.

64.  Plate NiFe.

65.  Protect NiFe [tcr_protect] {TLYRR}.

66.  Remove seed layer.

67.  Release actuators by TMAH and BrF3 etching.

A.4 Flexible Shear Stress Sensor Array

1. Start with 4” double-side polished (100) Si wafers.

2. Make double-side alignment marks.

2.1 Spin-coat and soft-bake 3 μm photoresist on both sides of wafers.

2.2  Mount wafers on the double-side alignment jig. Flush-expose each side of a

wafer under UV light.

2.3  Develop photoresist.

2.4  RIE etching: SF6 65 sccm, O2 15 sccm, 600 W, 15 min. for each side.

2.5  Remove photoresist with acetone followed by plasma ashing.

3.  LPCVD low stress nitride deposition.

3.1  Standard piranha wafer cleaning.

3.2  Silicon nitride deposition: 835 oC, DCS 64.7 sccm, NH3 15.6 sccm, 70 min..

Target: 0.5 μm.

4.  Pattern nitride.
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4.1  Standard photolithography.

4.2  Plasma etching: CF4/O2, 200 mT, 200 W, 6 min.. Target etching depth: 0.9 μm.

4.3  Remove photoresist with acetone followed by plasma ashing.

5.  Local oxidation (LOCOS).

5.1  Standard piranha wafer cleaning.

5.2  Thermal oxidation: 1050 oC, O2 0.5 liter/min., DI water 10 drops/min., 12

hrs.. Target thickness: 2.1 μm.

5.3  Planarization: BHF etches back.

6.  LPCVD PSG.

6.1  Standard piranha wafer cleaning.

6.2  PSG deposition: 450 oC, SiH4 20 sccm, O2 62 sccm, PH3 10 sccm, 60 min..

Target thickness: 0.4 μm.

6.3  Anneal PSG: 950 oC, 30 min..

7.  Pattern PSG.

7.1  Standard photolithography.

7.2  BHF etch PSG: 2.5 min..

7.3  Remove photoresist with acetone followed by plasma ashing.

8.  Anneal PSG.

8.1  Standard piranha wafer cleaning.

8.2  Anneal PSG: 1050 oC, 30 min..

9.  LPCVD low stress silicon nitride.

9.1  Standard piranha wafer cleaning (omitted if immediately follow step #8).

9.2  Nitride deposition: 835 oC, DCS 64.7 sccm, NH3 15.6 sccm, 180 min..

Target: 1.3 μm.

10.  Pattern nitride to open etch holes.

10.1  Standard photolithography.

10.2  RIE etching: SF6 65 sccm, O2 15 sccm, 600 W, 20 min.. Target etching depth: 1.5

μm.
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10.3  Remove photoresist with acetone followed by plasma ashing.

11.  Sacrificial layer etching.

11.1  Standard piranha wafer cleaning.

11.2  High concentrion HF (49%) etches PSG and thermal oxide: 25 - 30 min..

11.3  DI water rinse: 20 min.. Spin dry.

12.  Seal cavities in vacuum.

12.1  Standard piranha wafer cleaning.

12.2  Bake at 600 oC for 30 min..

12.3  LPCVD LTO deposition: SiH4 42.8 sccm, O2 62 sccm. Target thickness: 1

μm.

12.4  LPCVD low stress nitride deposition: 835 oC, DCS 64.7 sccm, NH3 15.6

sccm, 70 min.. Target: 0.5 μm.

13.  Pattern sealing materials.

13.1  Standard photolithography.

13.2  Plasma-etch nitride: CF4/O2, 200 mT, 200 W, 6 min.. Target etching depth: 0.6

μm.

13.3  BHF-etch LTO: 6 min..

13.4  Remove photoresist with acetone followed by plasma ashing.

14.  LPCVD polysilicon.

14.1  Standard piranha wafer cleaning.

14.2  Polysilicon deposition: 560 oC, SiH4 80 sccm, 170 min.. Target thickness:

0.55 μm.

15.  Dope and anneal polysilicon.

15.1  Boron ion implantation: energy 80 keV, dose 1×1016 cm-2.

15.2  Annealing: 1050 oC, 1 hr..

16.  Pattern polysilicon.

16.1  Standard photolithography.

16.2  RIE etching: SF6 65 sccm, O2 15 sccm, 600 W, 4 min. for both front and back side.
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16.3  Remove photoresist with acetone followed by plasma ashing.

17.  LPCVD low stress silicon nitride deposition.

17.1  Standard piranha wafer cleaning.

17.2  Nitride deposition: 835 oC, DCS 64.7 sccm, NH3 15.6 sccm, 30 min.. Target:

0.2 μm.

18. LPCVD LTO and low stress silicon nitride.

18.1  Standard piranha wafer cleaning (omitted if immediately follow step #17).

18.2  LTO deposition: SiH4 42.8 sccm, O2 62 sccm. Target thickness: 1 μm.

18.3  Nitride deposition: 835 oC, DCS 64.7 sccm, NH3 15.6 sccm, 100 min..

Target: 0.7 μm.

19.  Pattern backside.

19.1  Plasma-etch nitride: CF4/O2, 200 mT, 200 W, 9 min.. Target etching depth: 0.9

μm.

19.2  BHF-etch LTO: 6 min..

19.3  Standard photolithography (6 μm photoresist).

19.4  RIE-etch nitride: SF6 65 sccm, O2 15 sccm, 600 W, 14 min.. Target etching depth:

0.9 μm.

19.5  BHF-etch LTO: 6 min..

19.6  RIE-etch nitride: SF6 65 sccm, O2 15 sccm, 600 W, 30 min.. Target etching depth:

1.9 μm.

19.7  Remove photoresist with acetone followed by plasma ashing.

20. KOH etching.

20.1  Standard piranha wafer cleaning with 5% HF dip.

20.2  KOH etching: 58 oC, 20 hrs. Monitor remaining thickness closely after 16 hr.

etching. Stop when it is 80 μm.

21.  Remove nitride and LTO on the front side.

21.1  Standard piranha wafer cleaning.

21.2  Plasma-etch nitride: 9 min..
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21.3  BHF-etch LTO: 6 min..

22.  Evaporate aluminum.

22.1  Standard piranha wafer cleaning.

22.2  Evaporate 0.5 μm pure aluminum.

23.  Pattern aluminum.

23.1  Standard photolithography.

23.2  Etch aluminum with aluminum etchant: 35 oC, 2 min..

23.3  Remove photoresist with acetone followed by plasma ashing.

24.  Polyimide processing

24.1  TCE wafer cleaning.

24.2  Spin diluted VM-651 polyimide adhesion promoter water solution (0.5% -

1%) at 5 krpm/min..

24.3  Bake at 130 oC for 10 min..

24.4  Spin-coat polyimide PI-2808 at 4 krpm/min..

24.5  Bake at 130 oC for 15 min..

24.6  Standard photolithography. Polyimide etched during developing.

24.7  Remove photoresist by butyl acetate.

24.8  Cure polyimide: Ramp up from room temperature to 200 oC at a rate less than

4 oC/min.; Stay at 200 oC in air for 30 min.; ramp up to 350 oC at a rate less

than 2.5 oC/min.; Stay at 350 oC with 10 liter/min. nitrogen purging for 1 hr.;

Ramp down to room temperature at a rate less than 3 oC/min..

25.  Open contact holes.

25.1  TCE wafer cleaning.

25.2  Standard photolithography.

25.3  RIE-etch nitride: SF6 65 sccm, O2 15 sccm, 600 W, 4 min.. Monitor closely.

25.4  Remove photoresist with acetone.

26.  Metallization.

26.1  TCE wafer cleaning.
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26.2  Evaporate 2.5 μm aluminum.

26.3  Standard photolithography.

26.4  Etch aluminum with aluminum etchant: 35 oC, 6 min..

26.5  Remove photoresist with acetone.

26.6  TCE wafer cleaning.

26.7  Evaporate 1 μm aluminum.

26.8  Standard photolithography.

26.9  Etch aluminum with aluminum etchant: 35 oC, 3.5 min..

26.10 Remove photoresist with acetone.

27.  Polyimide processing (repeat step #24).

28.  Form aluminum mask on backside.

28.1  TCE wafer cleaning.

28.2  Evaporate 0.5 μm pure aluminum on backside.

28.3  Standard photolithography (focus on Si diaphragm).

28.4  Etch aluminum with aluminum etchant: 35 oC, 2 min..

28.5  Remove photoresist with acetone.

29.  Form Si islands.

29.1  TCE wafer cleaning.

29.2  RIE etching: SF6 65 sccm, O2 15 sccm, 600 W, 240 min.. Target etching depth: 80

μm. Monitor closed after 120 min. etching.

30.  Strip aluminum on backside.

30.1  Spin-coat and bake 6 μm photoreist on front side.

30.2  Etch aluminum with aluminum etchant: 35 oC, 2 min..

31.  Polyimide processing on backside (repeat steps #24.1-24.5 and #24.8, spin speed

2.0 krpm).

32.  Cut finished skins from Si wafer frame using a razor blade.
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