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ABSTRACT

High-resolution turbulence measurements demand state-of-the-art instrumentation
due to the large scale separations observed in these flows. Conventional hot-wire
probes suffer from both spatial and temporal filtering due to the relatively large
physical size of the wire when compared to the smallest length scales in the flow.
Semiconductor fabrication equipment allows probes with extremely small wire dimensions to be produced economically, extending measurement capabilities while
decreasing cost.

A fabrication process flow is developed with designs based on the existing Nanoscale
Thermal Anemometry Probe (NSTAP), and probes are successfully produced with
both high yield and throughput. With a platinum wire 60µm in length, 2µm in
width, and 100nm thick, these probes are found to resolve higher frequency spectra than conventional probes. To showcase the capabilities of nanofabrication, a
probe with a smooth, contoured body is designed and fabricated.

Probe fabrication by novel additive means is also explored. While existing fabrication methods focus on removing material from bulk silicon through etching,
additive probes are built by stacking thin films on top of one another. This approach promises greater control over the final shape of the probe, as patterns
are defined by photolithography, rather than etching. Two processes focusing on
electroplating and SU-8 photosensitive epoxy are developed and studied.
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CHAPTER 1
INTRODUCTION
Hot-wire anemometry continues to provide a reliable method of flow measurement,
offering significant benefits over optical alternatives such as laser doppler velocimetry and phase doppler anemometry, in part due to being simple in operation. At
its core, the hot-wire is a small metal filament that is placed in a flow and electrically heated above ambient temperatures. The surrounding flow convects heat
away from the wire, and by exploiting the temperature-dependent resistivity of
the wire, changes in voltage are measured and correlated to the flow’s velocity.
Compared to optical techniques, the hot-wire boasts low costs, simple operation,
superior frequency response, small size, and high signal-to-noise ratios, while maintaining high accuracy. In addition, such wires can be configured for temperature
measurements and a host of turbulent phenomena, such as intermittency, dissipation rate, and vorticity. Given these benefits, however, hot-wire anemometry is not
without its unique pitfalls. This is especially true in high-intensity turbulence and
liquid and combustion applications, where probe breakage and contamination pose
threats to the measurement system [1]. Nevertheless, hot-wires remain an attractive measurement option and are ubiquitous in turbulent flow applications.

1.1
1.1.1

Review of Hot-Wire Anemometry Technologies
Early history

The origins of hot-wire anemometry can be traced to the early 20th century, with
early experiments performed by Shakespear in 1902, though these were abandoned
due to a lack of calibration facilities [2]. Kennelly, Wright and Van Bylevelt conducted experiments examining the relationship between free and forced convection
of heat from sub-millimeter diameter copper wires and flow velocity using a gal1

vanometer in 1909 [3]. Notable work employing platinum wires by King in 1914,
1915, and 1916 outlined practical hot-wire design considerations and further developed the theory of heat convection from cylinders from Boussinesq’s initial work
in 1905 [4][5][6]. The high resolution and sensitivity of these early hot-wires compared to Pitot tubes would be instrumental in furthering fluids research during
the advent of the aeronautics field [6]. Following advancements included coatings
to protect the sensing element in a reactive fluid, drift compensation via auxiliary
wires, application of hot-wires to liquids, and multi-wire configurations for sensing
flow direction [2]. However, early hot-wires were limited to measuring only the
mean velocity; the capability of instantaneous velocity fluctuations would be provided through finer wires, more sensitive electronics, and compensation techniques
for the relatively large thermal mass of the wire [2].

(b) Early multi-wire probes used to measure
(a) “Portable” hot-wire anemometer set-up with
speed and direction of wind flow. [7]
platinum wire 1-6 mil in diameter. [6]

Figure 1.1: Examples of early hot-wire anemometer systems.

1.1.2

Pursuit of ever-smaller wire dimensions

Traditional hot-wire probes, fabricated by soldering thin pieces of wire, microns
in diameter and about a millimeter long, onto a rigid probe body suffer from two
main limitations during measurement: spatial and frequency resolution. Spatial
2

resolution is limited by the finite length of the sensing wire element. These types
of errors are sourced by a flow’s mean velocity nonuniformity [8] along the wire
length and spatial filtering effects caused by a relatively large length of the wire
compared to the flow’s fine turbulent length scales. These spatial errors lead to an
engineering trade-off. While the wire length to diameter ratio should be greater
than about 200 to avoid the effects of mean flow nonuniformity along the wire, a
long wire length compared to the smallest turbulent scales leads to spatial filtering effects [1]. Moreover, constant-current and constant-temperature anemometers
benefit in frequency response, the ability of the anemometry system to maintain
sufficient signal amplitude at high frequencies, with a hot-wire’s decreasing thermal
mass achieved by shrinking cross-sectional dimensions. However, a main drawback
of ever-smaller wire geometries, while maintaining a sufficient length-to-diameter
ratio, is the hot-wire’s fragility, limited by the wire material’s mechanical properties.

It is clear shrinking a hot-wire’s dimensions has significant benefits in measurement capabilities in both spatial and frequency resolution. Traditional soldering
techniques are limited by the difficulty of handling, aligning, and soldering bulk
wire to probe supports. Willmarth and Sharma, using conventional techniques,
produced hot-wires with typical lengths of 25µm and diameters of 0.5µm, but the
probes suffered from a small length-to-diameter ratio [9]. Ligrani and Bradshaw,
investigating the effect of the length-to-diameter ratio, created a wire with an
active area 50µm in length and 0.625µm in diameter [10].

3

(a) Photograph of subminiature hot-wire probe
measuring 0.625µm in diameter and 220µm in
length.

(b) Schematic of angled hot-wire probe apparatus designed for near-wall measurements.

Figure 1.2: Development of small diameter conventional platinum hot-wires used
to probe turbulent measurements [10].

The thinnest commercial Wollaston wire, containing platinum spun to sub-micron
diameters, requires careful chemical etching of a silver outer-core to expose the
platinum inner-core, and results are not easily repeatable. Moreover, commercial
hot-wire probe manufactures are seldom found to offer sub-micron filament diameters. Such a lengthy, delicate process also lends itself to low manufacturing
throughput and yield. To circumvent these limitations, different manufacturing
techniques are necessary, and semiconductor processing tools are well-suited to
this task.
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1.1.3

Semiconductor processing for anemometry

Figure 1.3: Simplified schematic of Platzer’s solid-state mass flow sensor made of
semiconducting materials. This is the earliest example found of integrated circuit
techniques applied to fluid flow measurements [11].

The idea to develop anemometry systems using semiconductor processing technologies emerged in the 1970s, attractive due to its promise of low-cost, mass
manufacturable sensors of small physical size and high reliability. Early examples
typically extended existing semiconductor electronics processes and technologies
to solid state sensing applications. Developing mass flow sensors used in fuel metering systems for automobile manufacturer Chrysler, Platzer in 1973 introduced
a method to compare the electrical signals from two diodes fabricated using integrated circuit techniques. With one diode at the ambient fluid temperature and
the other heated to a constant, raised temperature via a feedback transistor, electrical signals from both were compared and correlated to the fluid’s mass flow [11].
In 1974, van Putten and Middelhoek fabricated a Wheatstone bridge consisting of
p-type diffused silicon resistors interconnected by evaporated aluminum films on
the edges of a 1.5mm x 1.5mm planar n-type silicon substrate. The device was
specifically designed with a large, blank silicon center to allow for further modifica5

tions and additions, such as integrated amplifiers. The substrate, mounted parallel
to a flow of interest, oriented two resistors parallel to and two resistors perpendicular to the flow. Taking advantage of the difference in temperature decrease
between the parallel and perpendicular resistors, a voltage was measured across
the bridge. However, this novel anemometer suffered from bridge imbalance at
ambient temperatures due to mismatched sensor resistances and would require onboard integrated electronics for compensation. In addition, heat conduction losses
to the thermally-conductive silicon substrate contributed to contamination of the
flow signal [12][13]. Shortly after publication, van Putten obtained a US Patent
in 1976 detailing the addition of an amplification circuit to the original blank
chip design and a mount for the integrated anemometer chip designed to minimize
conductive heat losses [13]. Further advancements included ambient temperature
correction by introducing a second bridge. In this iteration, two sets of hot-film
resistors were placed on a single silicon chip, each with its own independent amplifier circuit. The output from both Wheatstone bridge circuits are then summed
by a third amplifier, and any signal attributed to ambient temperature changes
are consequently suppressed [14][15].
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(a) Diffused resistors on square silicon chip designed by van Putten and Middelhoek to measure (b) Schematic of double bridge diffused silicon
flow speed [12].
resistor device with integrated amplifier circuit
[14].

Figure 1.4: Novel fluid flow sensors on silicon chip invented by van Putten and
Middelhoek. The device used passive resistors diffused into bulk silicon and was
designed on a blank chip to facilitate addition of active signal processing circuitry.

van Putten’s seminal work spurred the development of novel solid state anemometry systems that incorporate a range of integrated circuit components. In 1976 van
Riet and Huijsing employed three transistors fabricated on a single chip and placed
in a row parallel to the flow direction. The central transistor acts as a heater, and
two matched transistors are placed on either side as temperature sensors. Fluid
flow serves to preferentially convect heat generated by the central transistor to
one sensing transistor depending on the flow direction. The measured difference
in temperature between these two transistors is then related to the flow speed.
Boasting both the ability to discriminate flow direction and a sensitivity 160 times
greater than the passive resistor configuration developed by van Putten and Middelhoek, this configuration was susceptible to signal drift between the two sensing
transistors [16].
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Figure 1.5: van Riet and Huijsing device inspired by the van Putten silicon
chip. Instead of passive resistors, active transistors are used to measure both flow
direction and speed with much better sensitivity than its predecessor [16].

The introduction of micromachining techniques allowed for the improvement of
thermal flow sensors. Utilizing various deposition and etching techniques, probes
with smaller sensing elements are constructed and shaped to minimize flow interference. Stemme developed such a device in 1986 by fabricating two diodes on a
beam of silicon 20-50µm thick, thinned by wet etching. A “hot” diode, heated by a
resistor, is thermally-insulated from a “cold” diode acting as a reference by a layer
of polyimide, and the measured power dissipation by the hot diode is correlated
to the flow velocity. Lacking the active integrated circuitry of its predecessors, the
Stemme probe required an external feedback circuit to maintain a constant diode
temperature. Nevertheless, the thin, small package resulted in low sensor thermal
mass, and consequently, a comparatively high frequency response that enabled
turbulence measurements [17][18].
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Figure 1.6: First flow sensor utilizing micromachining techniques. By etching
bulk silicon to thicknesses of only tens of microns, the thin device mitigated the
negative effects of probe thermal mass. Moreover, the novel sensor measured the
relative power dissipation between a “hot” diode immersed in the flow and a “cold”
reference diode to measure flow speed [17].

1.1.4

Polysilicon MEMS hot-wires

The solid-state sensors covered outline the progress made in applying semiconductor materials and integrated circuit manufacturing techniques to the field of
anemometry. However, such sensors are distinct in both design and operation
from their conventional hot-wire predecessors, relying on the theory of thermal
boundary layers on a flat plate, rather than on a free-floating object in space.
These devices suffered from a lack of thermal isolation, with active sensing components in direct contact with a thermally-conductive substrate.

Free-floating hot-wire filaments constructed through micromachining and resembling their traditional counterparts were introduced by Jiang et al. in 1994. At
the heart of the groundbreaking device was a polysilicon sensing wire 0.5µm thick,
1µm wide, and 10-160µm long. A silicon-based sensing element was chosen due to
its compatibility with semiconducting process techniques and the ability to tune

9

the temperature coefficient of resistance (TCR) from -1%/◦ C to 0.2%/◦ C by doping the wire with boron. The process flow employed both plasma and wet etching
methods to thin bulk silicon and leave only the polysilicon sensor supported by
silicon arms and electrically connected by aluminum metallization. Initial testing yielded performance similar to conventional probes, though the probe suffered
from thermal conduction to the supports, a consequence of low l/d ratio. Moreover, mechanical stress in the device resulted in a flexed tip, and temporal drift
was observed, perhaps due to oxidation of the polysilicon element [19]. Further
investigation of the device’s performance revealed a higher sensitivity compared to
conventional probes and an impressive frequency response, thus enabling the study
of high Reynolds number turbulent flows [21]. Future iterations of the polysilicon
hot-wire sensor include an array of polysilicon wires supported by two silicon arms
[22].

(a) Schematic of MEMS hot-wire anemometer
probe using a doped polysilicon sensing element,
designed to structurally resemble conventional
hot-wire probes [22].
(b) SEM image of multi-array polysilicon wire
probe [20].

Figure 1.7: First MEMS hot-wires designed to operate similarly to their conventional counterparts. Micromachined from bulk silicon, the devices boasted a high TCR by controlled
doping of the polysilicon sensing element. Scale bar in SEM image is 20µm.

Following the introduction of the Jiang probe, complex schemes to produce multi10

dimensional anemometers and out-of-plane devices centered around the polysilicon
wire were developed. Particularly unique is the three-dimensional hot-wire probe
fabricated by Ebefors, Kälvesten, and Stemme in 1998. The device consisted of a
set of three polysilicon wires measuring 500 x 5 x 2µm, released in a similar way
to the Jiang probe. Exploiting the tendency for polyimide, a thin-film plastic, to
reduce in volume when cured at high temperatures, a micro-joint is used to rotate
a section of the probe containing a single wire 90◦ out-of-plane. The small thermal
mass and size allowed for fast response times and resolution of small turbulent
eddies, respectively [23].

Figure 1.8: Three-dimensional hot-wire MEMS probe developed by Ebefors et
al. Utilizing the tendency for polyimide to contract when cured, the novel device
created an out-of-plane wire [23].

1.1.5

Metallic MEMS hot-wires

A critical limitation of the polysilicon wire was its requirement of high annealing
temperatures, up to 1100◦ C, to introduce TCR-tuning dopants. Such extreme
processing conditions excluded the use of materials with comparatively low melting
11

points. Seeking to avoid such restrictions, Chen, Zou and Liu investigated the use
of metal thin films, including platinum and nickel, to create an out-of-plane hotwire anemometer. In addition to the use of such metals typical in conventional
hot-wires, the authors pioneered the use of plastic deformation magnetic assembly,
a method of creating a micro-joint by applying an external magnetic field to a piece
of electroplated magnetic material. The torque induced by the field bends the joint
material until permanent plastic deformation occurs, and the wire is fully out-ofplane [24]. Future work introduced electroplating reinforcement on the magnetic
hinge joints to provide added mechanical support [25].

Figure 1.9: Out-of-plane hot-wire with platinum sensing element. Similar to
the Ebefors 3D probe, a wire is lifted out-of-plane with a micro-joint. Instead of
polyimide, the authors utilized plastic deformation magnetic assembly, a method
of inducing a torque in a metallic micro-joint with an external magnetic field. Scale
bar in SEM image is 200µm [25].

More recently, researchers at Princeton have produced and developed hot-wire
anemometers with a platinum sensing element, supported by a tapered 3D silicon
structure etched from bulk silicon. Known as the nanoscale thermal anemometry
probe (NSTAP), the device, designed specifically for measuring turbulent flows,
displays high spatial and frequency responses by utilizing a free-standing platinum
12

wire measuring 60 x 2 x 0.1µm. Since its initial introduction in 2006, the NSTAP
has gone through a number of design iterations [26][43][28][29]. In addition to measuring velocity fluctuations, the NSTAP has been modified for temperature and humidity sensing [30]. The X-NSTAP, introduced in 2019, features two NSTAPs with
angled wires attached to one another via Kapton tape to enable two-dimensional
turbulence measurements [31].

(a) Single normal hot-wire NSTAP [31].

(b) SEM image of an X-NSTAP,
created by adhesion of two angled
NSTAPs with Kapton tape [31].

Figure 1.10: Various NSTAP configurations.

Research into advancing these state-of-the-art sensors continues, with a focus on
shrinking the wire dimensions to enable higher spatial and temporal resolutions,
while simultaneously minimizing angular sensitivity. Le-The et al. in 2021 produced a sensor with a free-standing platinum wire of record cross-sectional area,
measuring only 70 x 0.3 x 0.1µm. In contrast to the single lithography step
used to print the contact pads and wire, this probe requires both ultraviolet and
electron-beam lithography to produce the contact pad and wire traces, respectively
[32].
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Figure 1.11: Smallest hot-wire sensor made to date by Le-The et al., with a
width nearly an order of magnitude smaller than the NSTAP. Measuring 70µm in
length, 300nm in width, and 100nm in thickness, the platinum wire is patterned
by electron-beam lithography [32].

1.1.6

Contribution of present work

Following the history of hot-wire probe technology, one finds a gradual shift from
fabrication by the conventional means towards the use of semiconductor processing tooling. The present work aims to further progress such processes, detailed in
Chapters 3 through 5. Chapter 3 covers a recreation of the Princeton NSTAP to
better understand the processes and design considerations in the nanofabrication
of probes. In addition, process improvements that greatly improve probe throughput are discussed. Compared to traditional probes created by carefully soldering
small lengths of wire onto prongs, semiconductor fabrication is found to be capable of producing hundreds of hot-wire probes on a single wafer with minimal
user input. In Chapter 4, we discuss the redesign of silicon-based probes using
more sophisticated computer-aided design, allowing for greater control over probe
geometry and thus aerodynamic properties. In Chapter 5, a novel process of probe
manufacture through additive means is covered.
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1.2

Outline of Thesis

This thesis covers the design and fabrication of nanoscale hot-wire anemometer
probes through traditional semiconductor processing techniques. It is organized
into the following chapters and sections:

• Chapter 2: Hot-wire anemometry theory. In addition to the foundational
governing equations, metrics regarding the performance of hot-wires are discussed.
• Chapter 3: Hot-wire fabrication with semiconductor processing tools to
recreate the NSTAP, along with process improvements.
• Chapter 4: Aerodynamic silicon probe redesign.
• Chapter 5: Novel probe fabrication through additive means.
• Chapter 6: Validation of fabrication probes in turbulent flows, performance
metrics and comparison to conventional probes.
• Chapter 7: Conclusions.
• Chapter 8: Possible areas of future work and advancement.

15

Figure 1.12: Progressive decrease in hot-wire cross-sectional area with time.
Semiconductor fabrication processing has enabled continued shrinkage of hot-wire
dimensions.
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CHAPTER 2
THEORY OF HOT-WIRES
The theory of hot-wire anemometry involves the interplay of heat convection in
a fluid and electrically-induced heating of a material. The latter phenomenon,
commonly known as Joule heating, plays a central role in the operation of hot-wires.
The following sections provide a derivation of the governing equations underlying
such devices from first principles, as well as practical performance considerations.
A discussion of the influence of material properties in sensing capabilities motivates
a comparison of candidate hot-wire materials. The two most common modes of
hot-wire operation, constant-current and constant-temperature, are discussed and
compared. Finally, a discussion of the effects of aerodynamic probe interference is
provided.

2.1

Hot-Wire Model

A hot-wire consists of a length of wire heated by electrical current and subjected
to both convective and conductive heat transfer. Conductive heat transfer of the
electrically-generated energy occurs towards the wire ends. Existing theory on the
thermal equilibrium of these probes assume the probe stubs, which directly contact
the hot-wire, to be perfect heat sinks at the fluid temperature. The presence of
this thermal gradient causes a premature drop-off in temperature along the length
of the wire.

Consider a cylindrical conductive wire of constant cross-sectional area along its
length. In the presence of heat generation in the wire via electrical current, the
heat balance equation, a statement of energy conservation, for an infinitesimal
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section of the wire is the following:
dQ̇e = dQ̇f c + dQ̇c + dQ̇r + dQ̇s

(2.1)

Where dQ̇e is the heat generation rate due to electrical current, dQ̇f c , dQ̇c and
dQ̇r are heat loss rates of forced convection, conduction, radiation, respectively,
and dQ̇s is the heat storage rate in the wire element.

Due to the constant cross-sectional wire area considered, this model simplifies
to a one-dimensional equation. Each term in Equation 2.1 is itself an expression.
For the electrical heat generation, or Joule heating:
dQ̇e =

I 2 ρ(T )
dx
Aw

(2.2)

Where I is the electrical current, ρ(T ) is the resistivity of the wire material, and
Aw is the cross-sectional area of the wire element. The expression is simply a
statement of the definition of electrical power, P = I 2 R, and the wire element may
be modeled as a linear resistor. Notice that the resistivity is explicitly written as a
function of temperature; this is a key feature of the hot-wire, as will be explained
shortly.

Forced convection is a term that acts only on the outer boundary of the wire,
where the fluid physically contacts the wire:
dQ̇f c = πDh(Tw − Ta )dx

(2.3)

Where D is the wire diameter, h is the heat transfer coefficient, Tw is the wire
temperature, and Ta is the temperature of the ambient fluid.

The total conductive heat transfer in the element may be found by summing the
18

input and output heat conduction in a particular wire element. These are given
by:

dQ̇c,out

∂Tw
dx
dQ̇c,in = −kw Aw
∂x

∂Tw ∂ 2 Tw
= −kw Aw
+
dx
∂x
∂x2

(2.4)

Here kw is the thermal conductivity of the wire material. The total heat conduction
in the element is thus:
dQ̇c = dQ̇c,out − dQ̇c,in = −kw Aw

∂ 2 Tw
dx
∂x2

(2.5)

The radiative heat transfer rate is given by:
dQ̇r = πdσ(Tw 4 − Ts 4 )dx

(2.6)

Where σ is the Stefan-Boltzmann constant,  is the emissivity, and Ts is the surrounding temperature. Generally, this term is small compared to the convection
and conduction terms and is thus left out.

Finally, the heat storage rate is given by:
dQ̇s = ρw cw Aw

∂Tw
dx
∂t

(2.7)

Where ρw is the density of the wire material, and cw is the specific heat of the wire
material.

Substituting these terms into Equation 2.1, we find:
kw Aw

∂ 2 Tw I 2 ρ(T )
∂Tw
+
−
πDh(T
−
T
)
−
ρ
c
A
=0
w
a
w
w
w
∂x2
Aw
∂t

(2.8)

Equation 2.8 provides a general differential equation describing the temperature
profile Tw along the wire. We begin our analysis of this equation by first considering
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steady-state operation, as may be the case during hot-wire calibration in a laminar
jet. Steady-state amounts to declaring there is no time dependence, or ∂Tw /∂t = 0.
Doing so leads to the following equation:
kw Aw

d2 Tw I 2 ρ(T )
− πDh(Tw − Ta ) = 0
+
dx2
Aw

(2.9)

Notice that ρ(T ), the electrical resistivity of the wire material, is itself a function of temperature. For some materials, such as platinum, the following linear
approximation is sufficient:
ρ(T ) = ρ0 (1 + α(Tw − Ta ))

(2.10)

Here, ρ0 is the material resistivity at the ambient fluid temperature Ta , and α is the
temperature coefficient of resistivity, or TCR. The TCR is a material-dependent
quantity. In general, the relationship between resistivity and temperature is not
linear and different for types of materials, such as metals and semiconductors [35].
Inserting Equation 2.10 into Equation 2.9, we find:
d2 Tw
I2
+
[ρ0 (1 + α(Tw − Ta ))] − πDh(Tw − Ta ) = 0
dx2
Aw


2
2
I 2 ρ0
d Tw  I ρ0 α

+
⇒ kw Aw
− πDh (Tw − Ta ) +
=0
dx2
Aw
Aw

kw Aw

(2.11)

In the second line of Equation 2.11, we rearranged the expression to group together
the temperature difference term, Tw − Ta . Usually, the ambient temperature Ta
is constant. To tidy up this equation further, we introduce the following definitions:
T1 = Tw − Ta
I 2 ρ0 α
K1 =

kw A2w

(2.12a)

πDh
−

kw Aw

(2.12b)

I 2 ρ0
K2 =
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kw A2w

(2.12c)

Here, K1 roughly compares electrical heat generation and heat carried away by
convection. The sign of K1 will change the form of the solution considerably and
depends primarily on h and thus the convection term.
d2 T1
+ K1 T1 + K2 = 0
dx2

(2.13)

We are concerned primarily with the temperature difference, rather than the absolute temperature of the wire. Notice that this does not change the form of
Equation 2.11 because Ta is treated as a constant. For most hot-wire applications,
K1 is negative. We use the following boundary conditions:
dT1
dx

= 0 at x = 0

(2.14)

T1 = 0 at x = ±l
The first boundary condition states the wire temperature will reach a maximum
at the wire center, and the second states the wire temperature reaches the ambient
temperature of the fluid at the wire’s ends. Notice here that l is the wire half-length.
Applying these boundary conditions the Equation 2.13 and setting K1 < 0, we find
the following solution:



p
cosh |K1 |x
K2 
p
T1 =
1
−


|K1 |
cosh |K1 |l

p
K2 
cosh |K1 |x
p
⇒ Tw =
 + Ta
1 −
|K1 |
cosh |K1 |l


(2.15)

Of great interest is the rate of heat conduction from the wire ends to the support
structure. Known as “end-conduction,” such heat transfer presents a significant
source of error, attenuating measured turbulent fluctuations [34] and thus decreasing the signal-to-noise ratio. This quantity is proportional to the spatial derivative
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of Equation 2.15, evaluated at the wire end:
dTw
dx

x=l

K2
p
tanh |K1 |l
= −p
|K1 |

(2.16)

And thus, the total heat conduction out of the wire (for both ends) is:
K2
p
Q̇cp = −2kw Aw p
tanh |K1 |l
|K1 |

(2.17)

To elucidate the mathematics presented, we first compare the temperature distribution along a finite wire to a similar wire of substantial length compared to its
diameter, such that we may neglect the end-conduction effects present in a real
hot-wire. We derive the heat equation for an infinitely-long hot-wire by modifying
Equation 2.8, making the following assumptions:

• The wire is in steady state. Thus, ∂Tw /∂t = 0.
• Because the wire is infinitely long, the temperature distribution along the
wire is constant for a given current I. Thus, ∂Tw /∂x = ∂ 2 Tw /∂x2 = 0.

From these assumptions, we find Equation 2.8 reduces to:
I 2 ρ(T )
= πDh(Tw,∞ − Ta )
Aw

(2.18)

Manipulating this equation by isolating the quantity Tw,∞ −Ta and inserting Equation 2.10, we find:
Tw,∞ − Ta =

I 2 ρ0 /kw A2w
πDh/kw Aw −

I 2ρ

2
0 α/kw Aw

=

K2
|K1 |

(2.19)

Where we have invoked Equations 2.12(b) and (c). Thus, we may rewrite Equation
2.15 as:

√
cosh K1 x
√
=1−
Tw,∞ − Ta
cosh K1 l
Tw − Ta
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(2.20)

This form expresses the temperature distribution of the finite-length wire relative
to the same wire of very long length, where the effects of end-conduction are
neglected. This relation may be further tidied up by introducing the so-called
“Betchov length” or “cold length” of the wire:
lc =

1
|K1 |1/2

(2.21)

The insertion of this definition into Equation 2.20 illuminates the cold length’s
significance:
Tw − Ta
Tw,∞ − Ta

=1−

cosh(x/lc )
cosh(l/lc )

(2.22)

By varying the dimensionless quantity l/lc , the ratio of a wire’s length to its cold
length, we change the shape of the wire’s temperature distribution. It is critical
to note that lc is not a function of the wire length, but of the flow parameters and
the wire’s cross-sectional area and material properties.

Figure 2.1: Plot of wire temperature distribution for varying cold lengths lc .

From the figure we observe that with increasing l/lc , the temperature distribution
along the wire becomes more uniform, approaching the shape of a square. The
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maximum temperature for wires of lower l/lc ratio is also lower, compared to wires
with higher l/lc . Recall the difference between the heat balance equations for the
finite and infinite-length wires is the presence of the heat conduction term, and
the smoothing we observe is due to the leakage of heat from the wire ends. Such
is the importance of end-conduction effects in a hot-wire!

Clearly, when designing a hot-wire, it is of critical importance to consider endconduction effects. Any current-generated heat lost to end-conduction is heat not
convected by the flow of interest, thus decreasing probe sensitivity and efficiency.
From the ratio l/lc , we extract useful parameters for a hot-wire designer. Looking
at the definition for the cold length:


lc = 

kw A2w

πDhAw −

1/2



I 2 ρ0 α

(2.23)

To maximize l/lc , we can either increase the length of the hot-wire l or decrease
the cold length lc . This may be done by targetting a variety of wire parameters,
such as:

• Decreasing the wire’s thermal conductivity kw .
• Decreasing the wire’s cross-sectional area Aw .
• Increasing the TCR of the wire material α.
• Increasing the coefficient of convection of the flow h.

These parameter changes make intuitive sense. Increasing the physical wire length
means less of the wire is closer to the wire ends, where end-conduction occurs. A
smaller cross-sectional area leads to less wire area in contact with the thermallydraining stubs. A lower thermal conductivity implies the wire material inherently
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transfers less heat through contact, and a larger TCR directly leads to a stronger
signal. Finally, a flow with a greater coefficient of convection will convect more
heat from the wire, and a smaller proportion of heat is lost to the ends.

2.2

Material Candidates

A hot-wire must be designed for a particular application, and material choice
directly impacts hot-wire performance. For conventional hot-wires, mechanical
limitations such as the ability to be spun to thin wires limit material choices considerably. Because the wire will be heated well above ambient temperatures, resistance to oxidation is required, and the wire material must exhibit high strengths
to withstand forces induced by the flow. Moreover, material properties such as
the temperature coefficient of resistance α and thermal conductivity kw are key to
understanding a hot-wire’s inherent signal sensitivity. Commonly used materials
are listed in Table 2.1:

Ultimate Tensile Strength[36]

α[36] (K −1 )

kw[37] (W/m · K)

Platinum

0.0039-0.00393

71.6

124.1-245.2

Tungsten

0.0045[38]

174

980[39]

Pt-Rh (90/10%)

0.0017

30.1

281.5-317.2

Pt-Rh (80/20%)

0.0013

N/A

441.3-496.4

Pt-Ir (90/10%)

0.0013
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343.2-379.2

Pt-Ir (80/20%)

0.001

N/A

689.5-691.4

Material

Annealed at Room Temp. (MPa)

Table 2.1: List of common hot-wire materials.
From Table 2.1, we see that pure metals such as platinum and tungsten exhibit
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high TCRs relative to their alloy counterparts, though their thermal conductivities are higher. However, alloyed metals are generally stronger, able to withstand
more forces before mechanical failure, but also have lower sensitivities. Such alloys
display greater strength with increasing alloy composition. It should be noted that
although tungsten has the highest TCR and mechanical strength, the material will
oxidize above 350◦ C, preventing its use in high-temperature applications. These
trade-offs present a unique engineering decision when choosing a material; depending on a particular application, the hot-wire designer may have to sacrifice sensor
sensitivity and signal strength for a sturdier device.

The materials listed in Table 2.1 are only a small subset of possible materials
that may be used as hot-wire filaments. The introduction of semiconductor processes, namely thin film deposition, circumvents the requirement that the material
be able to be spun into wires, opening the path to exotic non-metallic materials
with fantastic properties well-suited to creating hot-wire sensors. These include
a host of interesting metal oxides, such as molybdenum oxide, nickel oxide, and
vanadium oxide that exhibit achievable TCRs nearly an order of magnitude better than traditional materials. Some material properties are listed in Table 2.2.
Their interesting properties and the challenges involved in their formation and
characterization are covered in more detail in Chapter 8 on future work.
Material

α (%/K −1 )

Resistivity (Ω-cm)

Vanadium Oxide[78]

-2.3 – -1.1

0.1 – 10

Nickel Oxide[80]

-3.2 – -1.7

3 – 2000

Molybdenum Oxide[80]

-3.3 – -2.2

1 – 100

Table 2.2: List of properties of conductive metal oxides for hot-wire materials.
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2.3

Hot-Wires in Flows

Pioneering research conducted in the early 1900s by King showed that for an infinite
cylinder in an incompressible, low Reynolds number flow, heat transfer could be
expressed as:
Nu = A0 + B 0 Re1/2

(2.24)

Where A0 and B 0 are calibration constants found empirically for a particular flow,
Nu is the Nusselt number, and Re is the Reynolds number. These nondimensional
quantities are defined as follows:
ρU D
Re =

µ

(2.25a)

hD
Nu =

k

(2.25b)

µ and k are the fluid’s dynamic viscosity and thermal conductivity, respectively.
For an infinite hot-wire with a heat-transfer relation given by Equation 2.18, we
first multiply by the wire length l to find:
I 2 Rw,∞ = πDhl(Tw,∞ − Ta ) = πlk(Tw,∞ − Ta )Nu

(2.26)

Here we have used Equation 2.25(b) and the equation for resistance R = ρL/Aw .
For a wire of length l and constant cross-sectional area Aw along its length, the
linear resistivity provided in Equation 2.10 becomes, multiplying by l/Aw :
Rw,∞ = R0 (1 + α(Tw,∞ − Ta ))

(2.27)

Here R0 is the total wire resistance at Ta . Together with Equations 2.24, 2.25(a)
and 2.27, we arrive at the following relation:
I 2 Rw,∞
Rw,∞ − R0

= A + BU 1/2
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(2.28)

Where constants have been integrated into the empirical constants A0 and B 0 :
πlk

A0
R0 α
πlk  ρD 1/2
B=
B0
R0 α µ
A=

(2.29a)

(2.29b)

Equation 2.28 provides a link between King’s relation for heated cylindrical wires
and the applied electrical current and the wire’s resistance. However, in a finite hotwire, end-conduction effects cannot be ignored. We modify Equation 2.28:
I 2 Rw
Rw − R0

= A + BU n

(2.30)

The key difference between the relation for finite and infinite wires is the exponential n applied to the flow velocity U . Generally, n is an empirical constant
found during hot-wire calibration. Finally, moving the quantity Rw − Ra to the
right-hand-side of the equation and applying Equation 2.27 for a finite wire:
I 2 Rw =

Vw2
= (A + BU n )(Tw − Ta )
Rw

(2.31)

Where we have applied Ohm’s Law, Vw = IRw . The constant quantity αR0 has
been absorbed into the empirical constants A and B.

2.4

Operating Mode: Constant-Current

In the previous sections, we laid out the fundamental theory of hot-wires, starting
from first principles. In addition to the analysis of end-conduction effects present
in finite-length hot-wires, the heat transfer of such wires placed in a flow was also
derived. However, the hot-wire sensor is only one component of an anemometry
system. External circuitry such as the Wheatstone bridge, driving electronics, and
data acquisition devices are necessary to obtain high-resolution data about a flow
of interest.
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This section and the next will cover two predominant techniques in hot-wire
anemometry: constant-current (CCA) and constant-temperature anemometry (CTA).
Constant-current systems are the simplest and will be covered briefly in this section. Though largely superseded by the more practical CTA, the CCA is important
to analyze, as it serves as a basis for understanding the CTA.

Figure 2.2: Circuit diagram of Wheatstone bridge CCA [1].

Figure 2.2 shows a diagram of a CCA with Wheatstone bridge. The CCA operates by sending a current into the top of the bridge, whose magnitude is set by
the applied voltage source and variable resistor Rs . R1 and R2 are referred to as
the bridge resistors and are important in setting the so-called bridge ratio. The
constant current I heats the hot-wire, which is exposed to a flow. R3 is a variable
resistor used to set the overheat ratio, which determines the magnitude of I and
thus the operating temperature of the wire. Voltages measured by the galvanometer (or voltmeter) G is used to determine the flow speed using King’s Law.

We perform simple circuit analysis to understand the operation of the CCA. We
would like to know the resistance of the wire, Rw at some flow speed. We do so by
adjusting R3 until the bridge is in balance, or the voltage read by the galvanometer
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is zero, VG = 0V . In balance, the following relation holds:
VG = 0 ⇒

R3
Rw + RL
=
R1
R2

(2.32)

Here, RL is the constant resistance in series with the hot-wire due to the nonnegligible resistance of the probe support and cabling. This quantity will typically
be small relative to Rw . If the flow speed changes, the wire temperature and thus
Rw will change, resulting in an imbalanced bridge. Thus, during calibration, with
a (mostly) constant drive current I, each flow speed setting requires rebalancing of
the Wheatstone bridge, a laborious process that makes the system difficult to use
[1]. Moreover, in the presence of velocity fluctuations, as is the case for turbulence
measurements, the hot-wire current will invariably change; thus, the CCA is only
well-suited for small velocity perturbations [2].

In addition to the lengthy calibration procedure, CCA systems suffer from the
thermal lag of a wire; that is, the thermal mass of the hot-wire introduces a delay
when experiencing variations in flow velocity. It is these practical limitations, in
addition to advancements in feedback electronics, that led to the proliferation of
CTA systems.
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2.5

Operating Mode: Constant-Temperature

Figure 2.3: Circuit diagram of Wheatstone bridge CTA [1].

The development of stable low-drift operational amplifiers, made relatively inexpensive and readily available by advancements in integrated circuit technology,
allowed CTAs to supersede their established CCA counterparts [33].

Similar to the CCA, the CTA retains the Wheatstone bridge which includes the
hot-wire. However, the CTA utilizes a feedback circuit to maintain a constant hotwire temperature. In the presence of a bridge imbalance, an error signal e2 − e1 is
amplified by the op-amp with gain G. The resulting output current i is then fed
back into the Wheatstone bridge to maintain the resistance of the hot-wire and
thus its temperature. For example, if flow speed increases over the hot-wire, more
current is required to maintain a constant wire temperature. The inverse is true
for decreasing flow speeds. Thus, the output of the op-amp is proportional to the
flow speed. Advancements in op-amp technology have enabled CTAs that operate
at very high frequencies [1].
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Benefits of the feedback circuitry include the automatic compensation of the hotwire’s thermal lag, as well as ease of calibration. In contrast to the required bridge
rebalancing with CCAs, CTAs require the user only to set the wire’s overheat
ratio, which determines the hot-wire’s temperature during operation. The calibration procedure is as simple as measuring the output voltage of the op-amp at set
flow velocities!

We perform the following analysis, incorporating the hot-wire equations from Section 2.3, to make sense of the feedback circuit’s output. Begin by recalling the
voltage across a hot-wire, Equation 2.31:
Vw2
= (A + B n )(Tw − Ta )
Rw

(2.31 revisited)

Because the circuit maintains a constant wire temperature, the quantity Tw − Ta is
itself a constant. Using Equation 2.27 for a finite-length wire, we rewrite Equation
2.31 to find:
Vw2

n

= (A + BU )Rw



Rw − R0
αR0


(2.33)

We begin our circuit analysis with the op-amp at the heart of the CTA. The op-amp
is configured as a differential amplifier with gain G:
Vout = G(Vw − V− )

(2.34)

Here, Vw is set to be the non-inverting input, and the opposite point of the Wheatstone bridge is tied to the inverting input. G is set by the user with appropriate
gain-setting resistors.

In a CTA, we generally know the bridge resistors R1 and R2 and the overheat
resistor R3 . In practice, R3 is set to [40]:
R3 =

R2
[aR0 + RL ]
R1
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(2.35)

Where a = Rw /R0 is the overheat ratio, and RL is the constant resistance due
to the probe’s support and cabling. Assuming an ideal amplifier that draws no
current and noticing the output is fed directly to the top of the bridge, we find
through Ohm’s Law and the conservation of current:
Vout = I1 (R1 + Rw ) = I2 (R2 + R3 )
I1 =

Vw
Rw

I2 =

V−
R3

(2.36a)
(2.36b)

From these equations, we arrive at the following relation between Vw and V− :


 R1 + Rw R3 
V− = 
·
(2.37)
 Vw
R2 + R3 Rw
Inserting into 2.34, we find the following expression for Vout in terms of the wire
voltage Vw :




R1 + Rw R3 

Vout = GVw 1 −
·

R2 + R3 Rw

(2.38)

Squaring the expression, we may insert King’s Law in the form provided by Equation 2.33:


2





R1 + Rw R3 
 Rw − R0 

2
n
Vout
= G2 1 −
·
 Rw 
 (A + BU )
R2 + R3 Rw
αR0

(2.39)

We notice that the CTA requires Rw to be a constant, and thus the entire quantity to the left of A + BU n is itself a constant! We may then absorb this term
into the calibration constants A∗ and B ∗ to find the following static calibration
equation:
2
Vout
= A∗ + B ∗ U n

(2.40)

This is the form of King’s Law used to calibrate a CTA. The simple equation
captures all the complexities of the feedback circuit and flow parameters for a
given experiment. All the user needs to do is measure Vout for a number of flow
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velocities U . By performing a power law fit, both A∗ and B ∗ may be found.
Following the calibration procedure, the hot-wire anemometer is ready to collect
flow data. This is a significant benefit the CTA offers over the CCA; the system
as calibrated is the exact same system used in real flow conditions.

2.6

Probe Aerodynamics

To take measurements with hot-wire anemometry, a wire must be inserted into
the flow of interest. Ideally, the wire would only gather information about a single
point in space, but due to manufacturing constraints, limitations on length and
cross-sectional area are imposed, leading to finite spatial and temporal resolutions.
Communication with driving and recording instrumentation necessitate electrical
connections on either end of the wire, and to fix the wire in place a rigid support,
or probe, is added. This probe, an integral component of the hot-wire anemometer,
affects collected measurements by disturbing the surrounding flow.

It has been observed in conventional hot-wire anemometry that the probe’s shape
and dimensions, as well as the angle between the mean flow and the probe axis –
the yaw and pitch, produce aerodynamic perturbations that in turn impact measurements. Multiple researchers have performed systematic studies of probe shape
and wire angle relative to the flow, with striking results. Of note, Comte-Bellot
compared a number of different probes in a free laminar jet under a number of
pitch angles. It was found that the probe shape, with thicker prongs, introduced
more aerodynamic perturbations than thinner probes. Moreover, increased prong
spacing was found to introduce less error [41].

Since Comte-Bellot’s investigations on the effect of probe pitch, researchers have
examined the causes of aerodynamic perturbation by developing theoretical mod34

els. Adrian et al. found the aerodynamic perturbations are generated by the
prongs, probe body, and curvature of the sensing wire [42]. These perturbations
are influenced by boundary layers formed on the prongs and probe, as well as separated flow regions downstream. It must be noted that the “slender-body theory”
posited by Adrian et al. fails to account for viscous effects, tolerances in probe
construction, flow separation, or wire curvature, underscoring the complexity of
such aerodynamic perturbations.

The nanofabricated probes of this work are however distinct from their conventional counterparts. While the completed probes are mounted on conventional
supports, the small sensing wire is supported by a micromachined structure with
its own aerodynamic properties. Investigations of the NSTAP’s angular sensitivity
compared to a conventional probe found velocity magnitude deviations up to 15%,
a result of the asymmetric cross-section of the 2µm x 100nm wire and the support
structure [43]. Moreover, flow visualization studies of slanted NSTAPs used in the
X-NSTAP found significant disturbances to the surrounding flow, an effect of the
protruding support arm [31]. Clearly, aerodynamic interference is a critical consideration when designing nanofabricated probes, necessitating a tapered structure
that minimizes the amount of supporting material near the wire. Control of this
taper and the structure’s geometry are thus important to advance nanofabricated
probe technology. Chapter 4 covers the development of an aerodynamically-shaped
probe.
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CHAPTER 3
NANOSCALE HOT-WIRE FABRICATION
In a lecture given at the annual meeting of the American Physical Society in December 1959, physicist Richard Feynman prophesied the emergence of a new field,
defined not by the pursuit of studying fundamental physics, but by a vast number of possible applications. Expressing thoughts with an odd mix of inches and
angstroms, Feynman imagined a future where the Encyclopedia Britannica could
be written onto the head of a pin with electron beams, fundamental biology would
be conducted by direct observation with electron microscopes of higher resolution,
and computers, then complex warehouses of vacuum tubes, would be shrunken in
size considerably. The influential talk, “There’s Plenty of Room at the Bottom,”
provided an early glimpse into nanotechnology, today an indispensable driver of
the modern world that contains still an ocean of opportunity.

Stepping into a nanofabrication facility, one finds not only the advanced electron
beams and microscopes envisioned by Feynman, but an entire suite of advanced
tooling, from ultraviolet lithography scanners boasting incredible precision at high
throughput to deposition tools capable of producing thin films only tens of nanometers thick. One can hardly imagine the awe displayed by an audience member from
Feynman’s talk if they discovered that in this space, creating the mesmerizing neon
glow of a processing plasma and printing hundreds, if not thousands of sub-micron
features in the blink of an eye are as routine as brewing a cup of coffee.

The possible applications of nanotechnology touch upon all scientific fields, from
chemistry and biology to physics and engineering. In an academic cleanroom, it
is not uncommon to interact with researchers, each fabricating unique devices,
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including microfluidic chips used to study single cells, transistors based on widebandgap semiconductors, and Josephson junctions that form the basis of quantum
computers. The humble hot-wire anemometer probe, composed of a supported
free-standing sensing element, is but one application that occupies its own part of
the Room at the Bottom.

3.1

Nanofabrication Techniques & NSTAP Replication

This and the following sections will provide a comprehensive discussion about
probe fabrication and associated processes. Techniques such as thin film deposition, photolithography, metal lift-off, and etching will be covered in the context of
creating hot-wire anemometer probes. We choose the Princeton NSTAP to recreate, namely because its simple structure, design, and proven yields provide a strong
foundation to better understand semiconductor fabrication techniques.

Figure 3.1: Nanoscale hot-wire anemometer probe produced in CNF facilities.

Similar to the NSTAP designs, in-house probes are centered around a platinum
filament measuring 60µm in length, 2µm in width, and only 100nm thick, resem37

bling a ribbon. Supporting stubs are connected to the filament, which exhibit a
gradual expansion in width. These stubs are used to form the contact pads for
soldering onto ready-made probe supports. A scanning-electron microscope image
of a probe fabricated in-house is shown in Figure 3.1.

In addition to NSTAP replication, various process improvements to existing techniques such as whole-wafer silicon dioxide (SiO2 ) etching and a shift from sputtering to electron-beam evaporation of platinum traces have increased both throughput and yield of hot-wire probes considerably. A broad overview of the fabrication
process is as follows:

Figure 3.2: Fabrication process overview of NSTAP probes.

Figure 3.2 depicts a simplified step-by-step process for manufacturing hot-wire
probes. Each diagram is a profile view of the probe at each fabrication step.
A. shows a double-side polished wafer with SiO2 deposited via plasma-enhanced
chemical vapor deposition (PECVD). B. depicts a thin platinum film deposited on
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one side of the wafer, and C. shows the process of transferring a pattern from a
photolithographic soft-mask to the SiO2 hardmask. The soft-mask is removed, and
anisotropic deep reactive-ion etching (DRIE) is performed in D. In this subfigure,
RIE-lag is visible; this effect is responsible for the aerodynamic 3D tapering of
the probe structure. Finally, E. depicts the removal of DRIE sidewalls with an
isotropic etch, and F. shows the finished probe following a final SiO2 etch to fully
release the hot-wire filament.

3.1.1

SiO2 as Etch Stop and hardmask

The first step in probe fabrication is the deposition of SiO2 . This thin-film serves
a dual purpose, acting as an etch stop once through-wafer DRIE is complete, as
well as a hardmask that exhibits high selectivity during the DRIE process, relative
to photoresist-based soft-masks. SiO2 films may be formed on bulk silicon wafers
in a number of ways, though common methods include growth in a furnace or
deposition using chemical precursors. While in this application SiO2 is used as
a support layer, the material is a key reason for the popularity of silicon as an
electronic material. SiO2 is an excellent insulator and gate dielectric used for
modulating electrical flow in a transistor, and high-quality films may be produced
simply by placing bare silicon wafers in the presence of heat and water vapor.
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(b) Oxford Instruments Plasmalab System 100
(a) Furnaces used to thermally grow oxide on PECVD. Low-volume tool capable of single-wafer
silicon. These industrial tools have a capacity of thin film deposition of many materials [45].
over 100 4-inch silicon wafers [44].

Figure 3.3: Various tools in the CNF cleanroom used to form SiO2 films on silicon wafers.

While furnace processing is simple, the method is unfavorable due to its slow oxide
growth rate and requirement that both sides of a double-side polished wafer will
have equal oxide thickness. Moreover, furnace processing is economical only for
a large number of wafers. Plasma-enhanced chemical vapor deposition (PECVD)
presents an alternative method of oxide formation.

Figure 3.4: Diagram of PECVD chamber [46].

Rather than using heat and water to turn bulk silicon to SiO2 , PECVD oper40

ates by exposing the silicon substrate to chemical precursors in the presence of
a plasma generated between two electrodes by radio-frequency excitation, as depicted in Figure 3.4. To create a film of SiO2 , silane (SiH4 ) and oxygen are injected
into the chamber, where energetic electrons from the plasma generate highly reactive radicals that form the desired film on the substrate. This technique allows
the formation of the thin film at relatively low temperatures compared to thermal furnaces. While the PECVD oxide used for this application is deposited at a
rate of about 250nm/min at 350◦ C, furnace processing requires temperatures of
900-1100◦ C and hours of processing to produce a film only a few microns thick.
In addition to faster processing, PECVD allows for films of varying thickness on
either side of the wafer, as only one face of the wafer is exposed to the plasma
during the deposition process.

These benefits, however, come as a cost. The low processing temperatures of
PECVD oxides introduce impurities, and the resulting films are more porous than
their thermal counterparts [47]. This leads to higher observed etch rates in HF in
deposited, rather than grown films [48]. To account for this issue, a thick, 3-4µm
film is deposited for the backside hardmask. For the opposite face of the wafer that
holds the platinum metal traces, only a thin SiO2 membrane is required, as it will
serve only as an etch stop. A thinner oxide layer also decreases processing time
for wire release. For the platinum side, a 500nm layer of SiO2 is deposited.
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3.1.2

Photolithography & Techniques for Lift-Off

Photolithography Basics
The first step in the semiconductor process flow is photolithography, the process
of using light to define patterns on a thin film of photo-sensitive chemical called
photoresist. Photoresist comes in two flavors, positive and negative. While for
positive photoresists, areas exposed to ultraviolet light become soluble in developer, exposed areas in negative photoresists become insoluble. Photolithography
processing typically proceeds in the following steps:

Figure 3.5: Typical photoresist process flow [49].

1. Application: Liquid photoresist is spun onto a substrate. The resulting film
thickness is a function of the spin speed, usually in thousands of revolutions per minute, to a film only microns thick. Spin time is long enough
for the photoresist solvent to evaporate, leaving a dry thin film. For some
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photoresists, an adhesion promoter such as hexamethyldisilazane (HMDS) is
recommended.
2. Soft-Bake: The wafer and substrate are heated on a hot-plate or an oven to
drive off any remaining solvents. Excessive solvent may leave the film sticky
and interfere with resist development [52].
3. Exposure: The photoresist is exposed to ultraviolet light with a mask aligner
or stepper with a photomask that contains the desired pattern. Under exposure to particular wavelengths of light, the photoresist experiences a change
in solubility. In this way, fine patterns may be defined with light.
4. Post-Exposure Bake (Optional): Post-exposure bakes (PEB) are typically required only for negative or chemically-amplified photoresists. The exposed
wafer is placed on a hot-plate or in a convection oven to complete the photoaction for proper development [50].
5. Development: Developer is sprayed on the wafer, or the wafer is immersed
in developer to remove areas with lower solubility. For positive photoresist,
exposed areas are removed, and for negative photoresist, unexposed areas
are removed.
6. Hard-Bake (Optional): Hard-baking the photoresist is optional and may be
used for specific applications where the photoresist will be subjected to harsh
environments such as plasma etching or electroplating. This improves adhesion, as well as prevents reflow of the photoresist [51].

For this application, we limit our discussion to positive photoresists. Unlike their
negative counterparts which rely on polymerization, positive photoresists are capable of high aspect ratios, allowing for finer resolution [52]. To define the metal trace
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patterns, Shipley MICROPOSIT S1805, a positive photoresist based on DNQNovolac is used. DNQ-Novolac photoresists are typically composed of a photoactive chemical, a structural Novolac resin, and a solvent that allows the chemical
to be cast as a liquid. These common resists use photo-active DNQ, which when
mixed with Novolac resin, acts as a dissolution inhibitor, dramatically decreasing the solubility of the mixture in developer. Upon exposure to UV light, DNQ
releases nitrogen gas to form carboxylic acid, which is much more soluble in developer. Thus, this photo-active chemical, depending on exposure to UV radiation,
determines the solubility of the photoresist [53].
Photomasks & Contact Aligners
To create patterns on photoresist, a photomask (or just mask) is used. For 4-inch
wafers, the mask is composed of a 5-inch square slab of quartz, on which a thin
layer of chromium is deposited on one face. A layer of photoresist is applied on the
chromium face, and a laser writer is used to draw user-defined features by exposing
the photoresist with a fine laser beam. Following exposure, the photoresist is
developed, and exposed chromium is etched. Finally, unexposed photoresist is
stripped from the mask, leaving behind chromium.

Figure 3.6: Procedure for fabricating photomask from CAD design [54]. The mask layout is
first designed in KLayout and exported as a GDSII file. Using data from the GDSII file, the
DWL2000 mask writer patterns a blank mask coated in photoresist with a fine laser beam. Following
photoresist development, wet chrome etching, and photoresist stripping, the final mask is completed.
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Figure 3.6 shows the process for creating such a mask. Desired patterns are first
designed in a computer-aided design program and then fed to the laser writer.
The CAD program, KLayout, allows for the creation of simple planar geometric
objects and exports the design as a GDSII file. The photomask acts as a binary
light stop; in etched areas on the photomask without chromium, light is allowed to
pass through to the wafer, while areas with chromium prevent light from reaching
the wafer.

Figure 3.7: Design of single die for top-side platinum trace. The 60 x 2 x 0.1µm
filament can been seen in the close-up image. Filled, colored areas define the final
pattern on the mask.

After creating the photomask, an exposure tool is required to transfer patterns to
the wafer. A contact aligner is sufficient for relatively large features greater than
about 2µm. Contact aligners work by physically contacting the mask and wafer
and generating required UV light using a broadband mercury-vapor lamp. Such
light sources are a workhorse in nanofabrication and are used extensively for their
strongly peaked ultraviolet emission spectra. These spectral lines are even given
their own names: g-line (436nm), h-line (405nm), and i-line (365nm).
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Figure 3.8: SÜSS MicroTec MA6 contact aligner [55]. The tool is used to initially pattern photoresist layers for platinum metal deposition and the backside
hardmask.

The MA6 is a unique tool that allows for a range of exposure options, including
soft-contact, hard-contact, and vacuum contact, as well as the ability to perform
backside alignment to print features on both sides of a wafer. The photomask is
placed on a mask holder, oriented such that the chromium side makes contact with
the wafer. The wafer is placed on a wafer chuck whose position is adjusted with
micrometer screws that control the x-, y-, and angular orientation of the wafer
with respect to the fixed-position mask. After loading a wafer, the tool will initiate wedge-error compensation, which adjusts the position of the wafer to maximize
flatness with the mask. During alignment procedures, a small gap is kept between
the wafer and photomask to prevent wafer-mask contact.

Contact lithography has significant benefits, including ease of use and simplicity, as well as the ability to expose the entire wafer at once. As a 1:1 exposure tool
– that is, any feature on the mask is the same as what is transferred to the wafer
– contact systems do not require the complex projection optics used in stepper
systems. However, contact lithography is not without its shortcomings that must
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be considered when designing masks and processes. These include:

• Resolution: The resolution of contact lithography systems is poorer than
steppers. While resolution is a function of many variables (resist thickness,
desired features and density, exposure light wavelength, etc.), the MA6 struggles with sub-micron features and even larger features with high density.
• Alignment and Overlay: Processes may require multiple lithography steps,
and accurate, precise alignment is key to successful devices. In contact aligners, alignment is performed with a gap between mask and wafer to prevent
photoresist smearing. However, microscope optics have limited depth of focus, and seeing both sets of alignment markers on the mask and wafer may
be difficult, especially with thicker photoresists.
• Non-uniform Exposure Field : The exposure field of contact lithography systems is as large as the wafer to be exposed. For such large exposure fields,
non-uniform dosage may be seen in different parts of the wafer. For applications that require high resolution and finely-tuned doses, this non-uniformity
may pose a critical issue.
• Mask Expense and Defects: Because the entire wafer is exposed at once,
the mask must contain all desired features. This makes the mask more
expensive to produce. Moreover, contact lithography is more sensitive to
defects compared to projection lithography. This is because defects on a
projection lithography mask will be demagnified on the wafer level.
• Mask Degradation: Because the mask is in direct contact with the substrate,
contamination of the mask and its chromium light stop is possible with prolonged use. This problem is exacerbated in operation modes such as hardcontact and vacuum contact, where a tight seal between mask and wafer is
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formed to maximize resolution.

Lift-Off Techniques
Lift-off is the process of patterning materials using sacrificial layers of photoresist. Following metal deposition, the photoresist is stripped and excess material is
“lifted-off,” leaving only traces in desired areas. Because we would like to deposit
metal traces onto our wafer, a single film of photoresist is insufficient. During
metal deposition, covered in Section 3.1.3, a thin film conformally coats the entire
wafer, including the sidewalls of the developed photoresist. Such sidewall coating
is undesirable because it can significantly decrease lift-off rates by limiting exposed
sacrificial photoresist or leaving undesirable defects in the final metal traces, such
as flags or wings.

Figure 3.9: Bi-layer for metal deposition. Addition of an underlayer of lift-off resist that
undercuts photoresist avoids defects that arise from sidewall coating [56]. An example of
left-over wings is shown in the bottom figure [57].
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There are a number of methods to perform a clean lift-off, including image reversal of positive photoresists, utilizing undercuts in negative photoresists such
as nLOF2020, or adding a secondary lift-off layer such as PMGI or lift-off resist
(LOR). For this process a bi-layer with LOR5A is used. LOR is a photoresist
formulated to isotropically etch in developer; with a top layer of general photoresist, the LOR underlayer will undercut, forming a gap between the substrate and
photoresist and preventing defects that arise from conformal metal coating.

Similar to traditional photoresist, LOR requires soft-baking. The film thickness
should be chosen to be 1.2 – 1.3x the desired metal film thickness. The undercut
rate will be a function of soft-bake temperature and time, as well as development
time. Application of the bi-layer proceeds as follows:

1. Dehydrate wafer on hot-plate for 5 minutes to improve LOR adhesion.
2. Spin LOR5A at 3500/10000/45s (spin speed/acceleration ramp/time). Results in film thickness of about 500nm.
3. Soft-bake spun LOR5A at 180◦ C on hot-plate for 4 minutes.
4. Spin S1805 at 3500/5000/60s. Results in film thickness of about 500nm.
5. Soft-bake bi-layer at 115◦ C on hot-plate for 60 seconds.
6. Expose resist with MA6 contact aligner with 27.5mJ/cm2 .
7. Develop in Hamatech with AZ 726MIF for 120 seconds.

3.1.3

Platinum Metal Deposition & Lift-Off

After depositing SiO2 onto the wafer and patterning a bi-layer of LOR5A and
S1805 with photolithography, a 100nm platinum film is deposited. In addition to
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the platinum, a 10nm titanium adhesion layer is placed between the platinum and
silicon substrate due to the poor inherent adhesion of platinum to SiO2 [58]. There
are a number of deposition methods, including sputtering, where an argon plasma
physically ejects platinum atoms from a target to form a vapor, or electron-beam
evaporation, where electrons produced by thermionic emission are magnetically
aimed at a platinum target to form a melt. Both processes are categorized as
physical vapor deposition (PVD) and occur in low-vacuum environments. The
operating principles and advantages of each method are discussed below.
Sputter Deposition
Sputtering is a physical phenomena that occurs when ions accelerated by electric
fields bombard and erode a surface. At sufficiently high ion energies, the chemical
bonds holding atoms together in a solid will be broken, knocking atoms loose and
creating a vapor. Sputtering tools accelerate heavy ions such as argon towards a
solid target of desired deposition material.

Figure 3.10: Plasma sheaths accelerate ions and deflect electrons from the wall
[59].

The operating principle of PVD by sputtering is the acceleration of heavy ions by
an induced plasma potential. Imagine a grounded vessel that initially contains a
plasma, a sea of positively-charged ions and negatively-charged electrons. Because
electrons are very light compared to ions, they strike the wall at a higher rate,
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adding a negative charge to the wall and leaving the plasma with an excess positive
charge. An electric field arises from the imbalance of charge between wall and
plasma, and the rate of electrons escaping from the plasma decreases, as they
are deflected by the field. Similarly, ions are accelerated by the induced field.
Equilibrium is reached when the electric field reaches a magnitude where the net
charge flux to the wall is zero. This layer that contains the electric potential is
referred to as a Langmuir sheath [52][60].

(a) Simplified diagram of DC sputtering [61].

(b) AJA Sputter Deposition tool in CNF cleanroom [62].

Figure 3.11: DC sputtering deposition principle of operation and tool.

The ions accelerated by the plasma potential are responsible for sputtering due to
their large mass. However, in a vacuum chamber that contains targets only a few
inches in diameter and metal walls, care must be taken in delivering the plasma
energy towards the target to minimize sputtering of wall material and to maximize
deposition rate [52]. For conductive thin films, DC sputtering is a simple and economical option [61]. In a DC sputtering tool, a large negative bias is applied to
the desired target, and a positive bias to the substrate holder. At sufficiently large
biases, a plasma is formed, and for the negatively-charged target, the resulting
Langmuir sheath induces sputtering by heavy ions.
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The key benefit of plasma-based sputtering is the ability to tune processing parameters, such as operating pressure and power delivered to the target. By varying
these parameters, films of different quality, density, and stress may be obtained.
Moreover, sputter deposition is a quick process, relative to evaporation techniques,
allowing for greater throughput.
Electron-Beam Evaporation
Electron-beam evaporation is another method of depositing films.

While the

plasma in a sputtering tool physically knocks atoms off a bulk target, electronbeam evaporation utilizes electrons boiled off a filament, accelerated and steered
by external electric and magnetic fields, to form a beam used to heat up a solid
source material. With sufficient heating, the target material melts and immediately
begins to boil in the low-vacuum environment [52].

Figure 3.12: Electron beam steered towards solid target to form vapor-emitting
melt [52].

Evaporation is a “line-of-sight ” deposition method; that is, anything that “sees”
the melt will be coated in material. This requires the electron-beam source to
be hidden from view, prohibiting direct heating. Moreover, because the deposi-
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tion rate will be constant at only surfaces of constant distance to the source, the
substrate must be mounted at an angle [52].

(b) Substrate holder angled to promote uniform
(a) SC4500 thermal and electron-beam evapora- film deposition [64].
tor [63].

Figure 3.13: Electron-beam evaporation tool and example of angled substrate holder.

Evaporators such as the one shown in Figure 3.13(a) are used to deposit a variety
of films on substrates. A rotary stage contains crucibles that hold the source
material. The SC4500 has a large bell jar that must be pumped to high vacuum
before deposition, and electron beam power must be slowly increased for platinum
to avoid “spitting,” the uneven discharge of source material onto the substrate
[65]. These limitations significantly reduce wafer throughput. However, the tool
is capable of depositing three 4-inch wafers at a time. We find that compared to
physical sputter deposition, platinum films evaporated by electron beam exhibit
much less film stress. For free-standing platinum wires, this property is extremely
important, as it is observed that the thin, delicate filament may fail due to residual
internal stresses alone. A discussion of this topic is covered in Appendix C.
Metal Lift-Off
Following deposition by either evaporation or sputtering, the wafer will contain a
conformal thin film coating of desired metal. To lift-off or remove the excess metal,
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the wafer will be immersed in a bath of photoresist stripper, either MICROPOSIT
1165 or Remover PG. These chemicals dissolve the bi-layer, on which the excess
metal lies. At room temperature with no agitation, this process will take a few
hours. A wafer with platinum metal traces is shown:

Figure 3.14: Platinum metal traces on 4-inch silicon substrate following bi-layer
lift-off. The purple-colored areas are PECVD oxide, and the edge-bead of platinum
is visible.

3.1.4

Deep Reactive-Ion Etching for 3D Tapering

With the top-side of the wafer patterned, we turn our attention to the back-side,
where we etch through the substrate, creating a 3D tapered structure along the
way. Deep reactive-ion etching (DRIE) is arguably the most difficult and critical
step of the probe fabrication process, requiring iterative tuning procedures and
careful balance of the anisotropic DRIE and isotropic RIE steps. This section will
cover the formation of a hardmask for through-silicon etching, as well as the operation of DRIE tools and how a nonuniformity in the process, RIE lag, is exploited
to form 3D structures.

Reactive-ion etching tools have fundamental similarities to the sputter deposi54

tion tools covered in Section 3.1.3. However, instead of using a plasma to generate
vapors of target material, the plasma bombards the wafer with chemical species
that react with material on the wafer. Much like the sputtering tool, the wafer is
placed on a DC-biased substrate holder that serves to accelerate heavy ions toward
the surface, resulting in a directional, or anisotropic, etch. DRIE is an extension
of this process, using alternating injection of gases to achieve a highly anisotropic
process capable of producing vertical sidewalls hundreds of microns tall.
Hardmask Formation
Any features to be etched must first be defined by photolithographic patterning.
Etched areas are unprotected, exposed to the chemical etchants, while areas covered with a film such as photoresist or SiO2 are unetched. Masks composed of
polymers and other organic materials such as photoresist are called “softmasks,”
and masks made of SiO2 are “hardmasks.” For applications where deep etch depths
are required, on the order of hundreds of microns, a hardmask is preferable, if not
necessary. This is due to the much higher selectivity of silicon to mask material
for hardmasks, compared to softmasks.

Creating a hardmask begins with photolithographic patterning of a photoresist
film. This forms a softmask with the desired pattern. Next, plasma etching is
used to transfer the softmask pattern into the thick, 3-4µm SiO2 layer to form
the hardmask. In this way, fine and deep feature sizes on the order of microns
may be produced with DRIE; high-resolution-capable thin photoresists define the
pattern, and transfer to a hardmask enables deep etching of fine features. For this
process, MEGAPOSIT SPR220-3.0 is spun to about 3.5µm, and an Oxford Instruments PlasmaLab 80+ RIE anisotropically etches exposed SiO2 with a CHF3 /O2
plasma to form the patterned hardmask. The etch rate is relatively slow, about
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38nm/min and requiring about 93 minutes of etch time. Any RIE process is susceptible to RIE lag, and a few minutes of additional etching are applied to ensure
small features are fully etched through.

(b) 4-inch wafer undergoing reactive-ion etching.
(a) Oxford PlasmaLab 80+ with open etch chamber.

Figure 3.15: Oxford PlasmaLab 80+ Reactive-Ion Etcher. The tool generates a capacitivelycoupled plasma by applying an RF voltage to an electrode.

It is important to note that when the photoresist softmask is exposed to an etching
plasma, effects such as photoresist reflow may occur, leading to definition loss in the
final hardmask pattern. The plasma may heat up the photoresist past its softening
temperature, rounding out sharp corners in the upper edge of the photoresist [51].
To circumvent this issue, a hardbake of the photoresist to drive out any remaining
solvents is required. This is performed in a convection oven at 90◦ C for a few hours.
Moreover, splitting the long etch time into batches of 15-20 minutes each prevents
excessive heating of the softmask. The following image provides a comparison of
the hardmask with and without the hardbake process:
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(b) Hardmask with 90◦ C oven hardbake.

(a) Hardmask without hardbake.

Figure 3.16: Comparison of hardmask pattern with and without softmask hardbake. Loss
of definition due to photoresist reflow is visible in patterning without hardbake.

This process will deplete the softmask, and any photoresist residue is stripped
from the wafer. We are then left with a patterned hardmask that will exhibit high
selectivity for through-wafer DRIE. The backside of the wafer is shown:

Figure 3.17: Hardmask on backside of 4-inch probe wafer after photoresist residue
is stripped.
DRIE and RIE Lag
DRIE, also known as the Bosch Process, is a modification of RIE. Rather than
continuous injection of a single chemical species into the etch chamber, DRIE uses
fast switching mass flow controllers (MFC) to inject alternating chemicals into the
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etch chamber [66]. The first MFC injects a passivating layer of octafluorocyclobutane (C4 F8 ) polymer that uniformly coats the wafer surface; this chemical is chosen
because it is easily etched away and leaves little residue. SF6 is then injected by
the second MFC and performs the actual silicon etching. During this step, vertically anisotropic etchants bombard coated sidewalls, driving C4 F8 deeper into the
trench but still leaving the protective coating. Simultaneously, the trench bottom
is cleared of any C4 F8 , and any exposed silicon is then etched by the SF6 [66]. A
schematic showing the mechanism is as follows:

Figure 3.18: Operating principle of DRIE showing deposition of passivation layer
and subsequent etching [66].

The DRIE process is quantified in loops, composed of one passivisation step followed by one etch step. Each loop removes around 400nm of silicon. Because
the C4 F8 polymer is easily removed, low energy ions are sufficient for this process,
thereby increasing selectivity of silicon to mask material. However, DRIE is not
without its imperfections. Issues include [66]:

• Scalloping: Due to the discontinuous pulsed process, a rough, nonuniform
texture appears on the sidewalls with each loop. Scallop amplitude depends
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on timing of the passivisation and etch steps within a loop. For probe fabrication, this non-uniformity is not considered.
• Notching/Footing: After etching through the silicon substrate to an etch
stop, charging of the etch stop material leads to sideways etching.
• RIE Lag: Small features tend to etch more slowly than larger features. This is
due to limitations of gas transport to smaller features. Lag is also influenced
by modifying the passivisation step; excessive deposition may lead to inverse
RIE Lag.

The last imperfection in DRIE processes, RIE lag, will be used to form 3D structures in the silicon probe. By tailoring the backside pattern with trenches of various
sizes, a tapered structure may be formed, with the thinnest silicon support at the
wire end. To characterize the magnitude of RIE Lag, backside designs of various
patterns are created in KLayout. These designs are etched for 100 loops, and the
cross-sections after dicing are observed with an SEM.

To perform the DRIE process, a deep silicon etcher is used. CNF offers two
DRIE tools, the Unaxis 770 and the PlasmaTherm Versaline. While the etch rate
per loop of both tools are nearly identical, the Unaxis etches about three times
more slowly than the Versaline. It is also observed that the Unaxis 770 exhibits
faster etching in the center of the wafer than the edge; the inverse is true for the
Versaline. In either tool, the wafer is cooled with helium. Sidewall profiles are
directly influenced by wafer temperature, and temperature is necessary for process
control.
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(b) PlasmaTherm Versaline [68].
(a) Unaxis 770 [67].

Figure 3.19: Deep reactive-ion etching tools offered in the CNF. These deep silicon etchers
use an inductively-coupled plasma generated by applying RF current to a coil that powers an
external magnetic field.

Following 100 loops of etching, a probe is diced and examined under an SEM. A
dicing saw must be used because the tapered pattern does not lie on a crystal axis
of the silicon wafer. A probe after being diced is shown:

Figure 3.20: Probe etched with DRIE and cut along trench pattern with dicing
saw to examine RIE lag.

A linear trench pattern beginning from 1.5µm trench width to 60µm in 1.5µm
steps is examined with an SEM. The following images are taken:
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Figure 3.21: RIE lag observed in sample probe after 100 DRIE loops.

It can be seen that the RIE lag effect is concentrated at small feature sizes only
a few microns in width and is nearly unnoticeable at larger feature sizes. The
roughness of the cross-section is a result of the dicing saw. The smallest feature
only 1.5µm thick in the left image may not have been properly etched due to poor
exposure and development during photolithography.

Figure 3.22: Trench depth as a function of feature size. A power law fit is plotted
with the collected data.

The dependence of etch rate on feature size follows a power law. To achieve a
linear taper, a logarithmic pattern must be used. However, an iterative process is
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required to tune the final thickness of the silicon nearest to the wire. To achieve
a thin support at the wire, the trench opening must be small enough to exhibit
RIE lag but not large enough to etch through the silicon substrate. Moreover, the
smallest trenches are limited by photolithography capabilities, thus limiting the
resolution of the taper at these smaller scales.

With an etch rate of about 400nm/loop, nearly 1000 loops are required to etch
through the entire wafer! Moreover, because the etched silicon surrounding each
probe will be very thin, it is necessary to mount the wafer onto a carrier wafer that
supports the wafer during etching. With very thin supporting silicon, the helium
backflow in DRIE tools may blow out probes from the wafer or break the wafer
entirely. This results in a loss of helium pressure that prevents further processing.
However, before etching through the entirety of the wafer, we must perform an
isotropic etch to remove the remaining sidewalls. These silicon pillars can be seen
in Figure 3.21.
Isotropic Etch for Sidewall Removal
After etching through most of the wafer, an isotropic silicon etch is used to remove
the sidewalls that separate trenches. The design of these sidewalls presents an
engineering trade-off. The presence of the sidewalls is necessary to introduce RIE
lag for 3D tapering of the probe. Thick sidewalls require more etch time to remove –
this is a critical issue, as long isotropic etch times tend to undercut and jeopardize
the thin supports at the probe tip. While we would prefer infinitesimally-thin
sidewall supports, thickness is limited by photolithography capabilities and requires
tighter process control in this step. We find that rather than knocking down the
pillar, similar to felling a tree, the isotropic etch eats away at the sidewall from top
to bottom in a gradual fashion. An example of a probe with incomplete isotropic
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etch is shown in Figure 3.23:

Figure 3.23: Incomplete isotropic etch resulting in presence of leftover sidewall
material.

The isotropic plasma etch is performed in an Oxford Instruments PlasmaLab 80+
running either SF6 /O2 or SF6 /Ar recipes. While SF6 /Ar exhibits a faster etch
rate, we observe a decreased selectivity to masking material; this may be the result of sputtering due to the higher energy Ar ions. Etch isotropy is impacted by
the temperature of the substrate and the flow of SF6 . Wells et al. found that
at very low temperatures and at low SF6 flow, the SF6 /O2 recipe exhibits a high
degree of anisotropy [69].

Isotropic sidewall etching is applied once about 85% of the wafer of fully etched
through. It is important to keep in mind that this isotropic etch will contribute
to through-wafer etching. If isotropic etching were performed after through-wafer
etching is completed, severe undercutting of the silicon supports at the probe tip
would occur. We find that about 30-45 minutes of SF6 /O2 plasma etching at about
1µm/min is sufficient to remove the sidewalls.
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Following sidewall removal, final through-wafer etching with DRIE is performed.
This step is completed once the see-through SiO2 film is visible. It is necessary
to inspect the probes with an optical microscope to verify the platinum wire is
supported only by SiO2 ; these will be the last areas with remaining silicon due to
RIE lag effects.

Figure 3.24: Progression of isotropic silicon etch for a single probe. From left to
right, a probe is etched for longer amounts of time. Notice in the right-most image
that the leftover silicon bridge between both arms is the final feature to be etched.

Figure 3.24 shows the progression of isotropic silicon etch during probe release. We
see in the left-most image that the exterior surroundings of the probe are etched
through. More etch time exposes SiO2 in the probe center, though the wire is not
fully released. The bottom silicon tab acts as a support that holds probes to the
wafer. In the two right images, the probe is flipped over to show the backside.
More silicon etching exposes the platinum wire, supported only by SiO2 . However,
we notice a bulk of silicon remaining that cannot be etched without also removing
supports underneath the platinum trace. To circumvent this issue, iteration in
backside design is necessary.
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3.1.5

SiO2 Etch for Probe Release

The final step in the fabrication process is the removal of the 500nm SiO2 . Original
NSTAPs utilized a wet release process where individual probes were first removed
from the wafer and soldered onto probe supports. Next, these devices are carefully
dipped into buffered oxide etch (BOE) solution that used hydrofluoric acid as an
etchant for SiO2 . Next, the probes are dipped in alcohol and water for cleaning.
This approach poses some significant issues. First, throughput is severely limited,
as only one probe may be released at a time. Second, surface tension effects in wet
release methods pose a danger to the fragile platinum wire. Finally, mechanically
removing the probe from the wafer allows for wire breakage, as the SiO2 may
shatter along or across the wire.

Figure 3.25: Wafer ready for final probe release. Transparent SiO2 film surrounds
each probe and has a wrinkly texture.

These issues may be solved by using a dry plasma etch rather than a wet etch.
CHF3 /O2 plasmas etch SiO2 , and the Oxford Instruments PlasmaLab 80+ is capable of whole wafer processing. We find that this method increases probe throughput
significantly. At an etch rate of 38nm/min, the final SiO2 layer is removed in about
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15 minutes. Now, the probes may be removed from the wafer with tweezers and
soldered onto probe supports for immediate use:

Figure 3.26: Probes ready to be removed from wafer and soldered for use. This
particular wafer broke in the DRIE etch chamber due to thin silicon supports.
White blotches are cool grease, used to adhere the wafer to a carrier.

3.2

Iterative Backside Design Tuning

Recall in the right-most image of Figure 3.24 that while the wire is fully released,
there is still a significant area of silicon between the probe arms. This is undesirable, as this excess silicon will interfere with the flow of interest and thus our
measurements. Looking at the design of the backside mask for this particular
probe, we see our naive mistake:
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Figure 3.27: Original backside design (purple) superimposed with platinum trace
(pink). The backside design only extends a small distance from the platinum trace.
Due to unequal etch rates in areas between the probe arms and in the exterior, a
remaining bridge of silicon is observed after etching.

In this initial design, we assumed that the the exterior of the probe would etch
at comparable rates to the probe interior. However, because the spacing between
probe arms is on the order of tens of microns, these areas are susceptible to RIE
lag effects! Clearly, to solve this issue, we must find a design that extends silicon
on the exterior of the probes to form a “buffer.” This is done with an iterative
“etch matrix” that varies the extent of the top and side silicon buffers.

3.2.1

Etch Matrix V1

The etch matrix is composed of 48 designs organized into 6 rows and 8 columns.
Two parameters, the top and side thicknesses of the backside boundaries relative to
the edge of the platinum trace, are varied. The interior thickness is kept constant
at 20µm. The smallest die has a top and side thickness of 20µm. The largest has
a top thickness of 90µm and a side thickness of 110µm. The design of the etch
matrix is shown:

67

Figure 3.28: Etch Matrix V1 showing varied parameters and whole wafer design.
Extent of backside mask (pink) relative to the side and top of the platinum metal
trace (purple) are progressively increased in 10µm steps. One die on the wafer
design will yield a probe with free-standing platinum, no remaining silicon bridge,
and minimal silicon around the platinum trace.

In the matrix shown to the right of Figure 3.28, the thickness of the top buffer
increases from left-to-right, and the side buffer thickness increases from top-tobottom. This particular mask design utilized a logarithmically-increasing profile
from 2µm to 100µm in 50 steps. Distance between trench features and exterior
sidewalls are set to a constant 2.5µm spacing. The wafer used is double-side polished with a 2µm thermal oxide layer. After deposition of the metal and hardmask
etching on the backside, the following backside etch recipe is used:

1. 750 loops “1THRU” recipe using Unaxis 770 Deep Silicon Etcher. NOTE:
The wafer broke into three large pieces during this process. Single wafer
pieces are used for following etches, mounted onto a carrier wafer.
2. 125 loops “1THRU.” (Total 875 etch loops)
3. 10 minutes SF6 /Ar in Oxford PlasmaLab 80+.

It should be noted that the carrier wafer used has a layer of PECVD oxide to
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prevent reactant depletion of the processing plasma. In general, too much exposed
silicon severely decreases etch rate. After a final SiO2 wire release etch, SEM
images are taken of a probe in Figure 3.29:

Figure 3.29: SEM images of probe from first etch matrix. The probe has a free-standing
platinum wire with no silicon bridge between the arms, as desired. However, the sawtooth-like
texture of the silicon in the right image are indicative of fully etched-through silicon.

From these images, we see first that although we used a logarithmically-increasing
pattern, the final taper still exhibits a logarithmic-like decrease in silicon thickness, rather than a desired linear taper. This is because only a single iteration of
each trench opening is used, meaning the steep drop in thickness is concentrated
in areas of small features. In other words, for a 50µm trench feature, ten 2.5µm
trench features and ten 2.5µm-wide sidewalls are required to match the extent of
the former!

Moreover, we find that 100µm maximum trench openings are too large, leading to
etched-through silicon supports at the edges of trench features. This is responsible
for the sawtooth-like patterns in the silicon around the platinum trace.
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3.2.2

Etch Matrix V2

To remedy the issues of the first etch matrix, a new etch matrix is designed with
the following edits:

• Repeated incident of small trenches to match the extent of the largest trench.
• Maximum trench feature is decreased from 100µm to 50µm.
• Spacing between trenches is increased slightly from 2.5µm to 4µm.
• Exterior sidewalls are kept at a constant 2.5µm.

For this iteration, a double-side polished wafer with 2.25µm (backside) and 525nm
(metal side) PECVD oxide is used. The following backside etch recipe is used:

1. 700 loops “1THRU,” split into 500-loop and 200-loop batch to prevent wafer
breakage.
2. Mount onto carrier wafer with cool grease. Etch for additional 170 loops
“1THRU.”
3. 50.5 minutes SF6 /O2 isotropic etch in Oxford PlasmaLab 80+.

This last step is unexpectedly long because the hardmask has been fully etched
away, resulting in reactant depletion and thus decreased etch times. Even with
mask design changes, we find that silicon supports are partially etched through by
examining some probes under an optical microscope, as in Figure 3.30:
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(a) Side Thickness = 70µm, Top Thickness = (b) Side Thickness = 110µm, Top Thickness =
40µm.
90µm.

Figure 3.30: Etched-through silicon supports in example die of Etch Matrix V2. Bright
yellow reflective traces are platinum, grayish-blue structures are silicon, and translucent films
around silicon are silicon dioxide.

The sawtooth-like roughness in the silicon supports, similar to those seen in Figure
3.29, appears again. We conclude that the maximum feature size of 50µm is large
enough to have similar etch rates to silicon to be fully etched through. We also
obtain SEM images of a probe in Figure 3.31:

Figure 3.31: SEM images of probe from Etch Matrix V2. Linear profile is successfully made,
although rough taper is evident, a result of insufficient isotropic etching.

In the SEM images taken, we find a successfully generated linear taper, a result of
the repeated incidents of small trenches. However, we notice a rough taper with
spiky structures, a result of insufficient isotropic etching. The platinum wire in
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these images is also broken, a result of excessive intrinsic thin film stress in the
platinum due to sputter deposition.

A second batch of probes is made with the Etch Matrix V2 backside mask design. Because hardmask depletion was an issue in the previous batch, 500nm of
PECVD SiO2 is added to the backside oxide for a total thickness of 2.669µm. The
following etch process is used:

1. 650 loops “1THRU” split into two 250-loop and one 150-loop batches.
2. Mount onto carrier wafer. Etch for 200 more loops (Total 850 loops).
3. 18 minutes SF6 /O2 isotropic etch.

Figure 3.32: Second batch of Etch Matrix V2, still showing insufficient isotropic etching.

Even with more isotropic etching, we are still left with a significant amount of
sidewall material. To verify that the root cause of this issue is a lack of etching,
a few probes are mounted onto a carrier wafer with cool grease and subjected to
SF6 /Ar, an isotropic etch. Two sets of 5 minute etches are performed, for a total
of 10 minutes. The underside of the probes are imaged with an SEM in Figure
3.33:
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Figure 3.33: Five minutes of SF6 /Ar etch applied to probes. While sidewall structure still
remains, spikes have receded and become thinner.

Compared to Figure 3.32, the probes in Figure 3.33 exhibit a receded sidewall
structure. Examining the tapered structure upstream from the wire reveals these
areas are mostly free of any remaining sidewalls:

Figure 3.34: Tapering downstream from the wire following five minutes of SF6 /Ar
etch.

A somewhat rough texture is still visible, a result of incomplete sidewall removal.
The step from the plateau of bulk silicon to the taper is a result of the sudden
increase from no trench opening to a 2.5µm opening in the backside mask design.
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Moreover, the rough texture in the plateau is a product of hardmask depletion,
resulting in etching of the bulk silicon. After five more minutes of etching:

Figure 3.35: Ten minutes of SF6 /Ar etch applied to probes. Sidewall structure has receded
significantly.

Thus, we verify a lack of isotropic etching is indeed the root cause of the remaining
sidewall structures present in previous iterations and batches.

3.2.3

Etch Mask V3

In a final iteration of these probes, the following changes are made:

• Sidewall spacing is reduced from 4µm to 2.5µm to minimize required isotropic
etching.
• Exterior sidewall thickness is increased from 2.5µm to 4µm to minimize undercutting of the silicon supports due to isotropic etching.
• Maximum trench opening is set to 38.95µm, a conservative value used to
limit through-wafer etching of trench features.
• A single design is used throughout the wafer. From probes examined in
previous etch matrix masks, this is chosen to be a design with top and side
thicknesses of 50µm.
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The wafer used has a 2.68µm backside oxide film. This iteration is the first time
evaporated platinum is used – the lower intrinsic stress compared to sputtered
films significantly increases probe yield rate. The first batch is etched with the
following recipe:

1. 650 loops “1THRU” in 500-loop and 150-loop batches.
2. Mount onto carrier wafer. Etch for 150 loops “1THRU.” (Total 800 loops)
3. 160 loops “0TRENCH.” (Total 800 loops “1THRU” + 160 loops “0TRENCH”)
4. 24 minutes SF6 /Ar isotropic etch.
5. 70 loops “0TRENCH.” (Total 800 loops “1THRU” + 230 loops “0TRENCH”).

The large number of etch cycles is due to the depletion of the hardmask, leading
to decreased etch rates across all recipes. After removal of the remaining oxide,
we take the following SEM images:

Figure 3.36: Backside Etch Mask V3 first batch results. Sidewall structures remain a present
issue.

In this iteration, we see that while the spiky sidewalls are less prominent, they
are still persistent. We apply 40 more minutes of SF6 /Ar etch time to reduce the
prominent sidewalls, yielding the following probes:
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Figure 3.37: First batch after 40 minutes of SF6 /Ar isotropic etching.

After the additional SF6 /Ar etch, we find the sidewalls have largely receded but
are still present. Again, the root cause appears to be a lack of isotropic etching.

In an attempt to remove the sidewalls completely, another batch of probes is made
with a modified etch recipe. The wafer contains 2.68µm of backside oxide. The
modified etch procedure is composed of:

1. 750 loops “1THRU” in batches.
2. 30 minutes SF6 /Ar isotropic etch to remove bulk of sidewall before final
etches.
3. Mount onto carrier wafer. 140 loops “1THRU” in batches. Remaining oxide
on inner die is visible.
4. 6 minutes SF6 /Ar isotropic etch to remove remaining sidewalls.
5. 70 loops “0TRENCH” (Total 890 loops “1THRU” + 70 loops “0TRENCH”)

With this modified procedure, the following SEM images are taken:
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Figure 3.38: SEM images of probe from Etch Mask V3 with modified etch recipe. The top
two images show a profile-view of the probe, with measurements of the tapered structure. The
middle two images are head-on images of the wire. In the bottom two images, the texture of
the tapered structure closest to the wire is visible, alongside the 100nm-thick platinum wire.
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Figure 3.38 shows the a final probe in various orientations. We find that the
sidewalls are completely removed, though the tapered structure is very rough.
With evaporated platinum films, the yield rate of the probes increased significantly,
resulting in successful probe manufacturing rates greater than 95%. See Appendix
C for a discussion of the stress present in sputtered and evaporated films.

78

CHAPTER 4
AERODYNAMIC PROBE DESIGN AND FABRICATION
Chapter 3 covered the techniques of nanofabrication applied to the recreation of
Princeton NSTAP probes. Through multiple backside mask design iterations, a
key understanding of the crucial etching steps was gained. It is clear that careful
control of these processes, especially during the final few DRIE loops and isotropic
etching runs, is critical to the success of probe fabrication.

These lessons and techniques are applied to a redesign of the silicon probes to
enable a more aerodynamic shape. Instead of the sharp corners and blocky features present in the NSTAPs, a probe with smoothed contours and a more gentle
taper is designed and fabricated. The design of the NSTAP is limited primarily by
the primitive design tools offered in the KLayout CAD platform. This section will
cover the CAD procedure, as well as the fabrication process and iterative backside
design.

4.1

CAD of a Smooth Probe

To minimize the effects of aerodynamic disturbances, discussed in Section 2.6, the
probe is designed such that minimal material nearest the wire in the plane of the
metal trace is present. These novel designs allows for greater control over the probe
structure’s geometry and thus its aerodynamic properties.

4.1.1

Metal Trace Design

Design begins with the metal film design. AutoCAD is used because it provides
greater functionality over KLayout. The drafting software allows for the design of
free-form contours using tools such as splines and the rounding of selected corners.
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Exporting the design from AutoCAD to KLayout is not a trivial task. The basic
unit in KLayout is the vertex, and any polygon or shape is simply an array of
vertices. For example, a rectangle is a set of four x- and four y-coordinates in
2D space. A circle in KLayout is an array of vertices that approximates a real
circle. This is unlike AutoCAD, where arcs, splines and other objects are classified as unique curves! The individual components of the final design in AutoCAD
must first be broken down into line segments and exported as an array of x- and
y-coordinates in a text file.

Maintaining a 60µm x 2µm x 100nm wire filament design, the following shape
is produced in Figure 4.1:

Figure 4.1: CAD of smoothed metal film layer. The platinum wire element has
dimensions of 60µm x 2µm x 100nm, similar to the NSTAP.

Comparing this design to the blocky NSTAP in Figure 4.2:
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Figure 4.2: New smooth metal trace design compared to NSTAP design.

The two shapes are superimposed for ease of comparison. The dimensions of the
wire, as well as the spacing between soldering pads and total length are kept
constant. However, the new design is noticeably more smooth and offers a reduced footprint, especially in regions near the wire, where the stubs thin considerably.

4.1.2

Backside Mask Design

A greater challenge in CAD is the design of the backside mask, which requires
silicon buffer regions to prevent undercutting of the support during isotropic etching, exterior sidewalls, and trench features to produce 3D tapered profiles. This
is made more difficult by the smooth contours of the metal trace. The replicated
NSTAP only had 17 vertices, and creating and modifying the backside mask only
required manually changing a handful of points. With upwards of 1500 vertices in
the new design, this manual process is infeasible! It is clear computer-generated
backside designs are necessary.
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Because the native language of KLayout is based on vertices, we turn to MATLAB
to carry the bulk of design computation. MATLAB is chosen because it handles
vertices easily and supports an impressive suite of mathematical functions that
speed up the design process. The design process takes the following steps, each
covered in detail:

Figure 4.3: MATLAB CAD process flow.

Our task begins with simply importing the metal trace design from a text file into
MATLAB. Remember that the design is nothing more than a set of x- and ycoordinates split into two columns – each row corresponds to a single vertex.

Figure 4.4: Forming external boundaries using the metal trace.

Figure 4.4 shows the process of forming boundaries that serve as the exterior side-
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walls of our final backside design. Notice this exterior boundary can be made if
points on the metal trace are moved outward, normal to the surface. To do this,
the midpoint of adjacent points are first calculated, and a normal vector is found.
The final external boundary point will be the normal vector multiplied by a scaling
factor (length in microns), added to the midpoint. Note that there are two normal
vectors for each pair of points; only the one that points outwards is chosen.

Because we would like to have different extents for the inside and outside of the
exterior boundary, we must also split up the single metal trace array into subarrays. Following exterior boundary formation, these subarrays are concatenated.
Finally, to create the exterior sidewall, two exterior boundaries are required:

Figure 4.5: Exterior boundaries forming sidewall. Spacing is 2.5µm.

We move on to generating the trench features along the boundary in Figure 4.5.
The difficulty lies in the orientation of each trench feature. While the backside
trench designs of the NSTAPs were a stack of rectangles, these smooth, curved
probes require projection of this rectangular stack along a contour. Doing so
requires the following steps:

1. Calculating the medial axis to serve as the center of trench features.
83

2. Placing trench features with sidewall spacing along the medial axis.
3. Exporting trench features as text file for KLayout.

The first step is to find the medial axis, the curve that sits in the middle of the
external boundaries. In other words the two normal vectors drawn from a point
on this curve have equal lengths when they touch the boundary. This boundary,
however, is made up of discrete points, rather than a continuous curve. In this
case, think of a point on the medial axis as the initial point of contact of two circles
whose radii grow at the same rate and whose centers are discrete coordinates of
the boundary curve. This problem is shown schematically:

Figure 4.6: The medial axis is the curve equidistant to the inside and outside of
the external boundary curve. This curve is found discretely by expanding circles
at the same rate and noting the initial point of contact.

It turns out that this medial axis curve is a subset of the Voronoi diagram of the
boundary curve, found using MATLAB’s voronoi function:
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Figure 4.7: MATLAB’s voronoi function is used to find the Voronoi diagram of
the external boundary. The medial axis is a subset of this diagram.

The medial axis is then extracted from the diagram with appropriate choice of
constraints (above y = 0, within external boundaries). Notice that the calculated
medial axis appears to be “noisy” and does not appear to be a smooth curve. This
is due to the discrete nature of the calculation. The voronoi function is only given
a finite set of coordinates to generate the diagram, thus giving only an approximation of the correct curve.

Because trench features will be placed along this curve, we want it to be smooth,
rather than a set of noisy discrete points. This smooth curve is found with MATLAB’s curve fitting tools – through experimentation, an eighth-order Fourier fit
appears to work well:
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Figure 4.8: To obtain a smooth curve on which trench features are placed, a
Fourier fit is applied to calculated medial axis points.

The red curve in Figure 4.8 is the Fourier fit. The final step is the place trench
features along the fit. These trench features are polygons composed of four points
and four line segments, and two of these segments are perpendicular to the red
fit curve. We may draw these line segments by placing points along the curve
and then extending normal vectors from these points. The final four points of the
polygon will be the ends of these normal vectors.

With the general process laid out, we must first place points on the fit curve.
The distance between points will be the trench feature size or the sidewall spacing.
However, because we are placing points along a smooth contour, these distances
will be arc lengths. Imagine the following scenario. We place a marker at some
point a along the fit curve, and walk along the curve for a length L. After traveling
a distance L, we place a point b. Because the curve is not linear, the shortest distance between points a and b is not the same as the distance walked! Our task is to
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find the x- and y-coordinates of these points after navigating along the path with
a list of given arc lengths L. We do so by using the equation for arc length:
Z br
dy
L=
dx
(4.1)
1+
dx
a
Where y = f (x) is the analytical form of the fit curve. Because we are interested
in how x changes as a function of L, we simply take the derivative of Equation 3.1
and invert to find:
1
dx
=q
dL
dy 2
1 + ( dx
)

(4.2)

Equation 4.2 is a differential equation that provides x-coordinates of points along
the curve after traveling an arc length L. It is solved using MATLAB’s ode45
function, and the corresponding y-coordinates are found by passing the calculated
x-coordinates into the equation for the fit curve. The normal vectors originating
from these points are found by noting that these vectors are perpendicular to the
tangent of the curve at each point, a simple differentiation operation. Finally, the
following result is reached:

Figure 4.9: Vectors are drawn from points laid on the curve fit.

All that remains is to generate a polygon from the vertices drawn in Figure 4.9.
We exploit the way polygons are drawn in KLayout. While each trench feature
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is a single object, by clever ordering of the polygon vertices, all the trenches may
be contained within a single KLayout polygon! Figure 4.10 shows this process, as
well as the final polygon in KLayout:

Figure 4.10: By exploiting the way polygons are drawn in KLayout, all trench
features may be contained within a single polygon object.

After processing in KLayout, the final design is completed:

Figure 4.11: Final backside design with superimposed metal trace design.
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4.2

Etch Matrix

Much like the recreated NSTAPs, an iterative process is required to tune the final
shape of the probes after through-wafer etching. An etch matrix is designed,
which varies the silicon buffer region of the backside pattern. The following mask
is created:

Figure 4.12: Backside etch matrix for etch tuning.

The mask contains ten designs and is organized by increasing buffer thickness from
top to bottom. Moreover, each row contains the same design. The mask contains
320 die, 2.5 times more dense than the NSTAP designs. This increased density
is beneficial from an economic perspective; for the same processing time, a single
wafer yields many more probes. The physical masks for the metal traces and
backside etch matrix are shown:
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Figure 4.13: Physical masks for redesigned silicon probes.

A wafer with 525nm and 3.5µm of PECVD oxide is prepared. After metal deposition and backside patterning, the following etch recipe is used:

1. 800 DRIE loops on PlasmaTherm DSE.
2. 40 minutes SF6 /O2 isotropic etch.
3. Mount on carrier wafer. Additional 515 DRIE loops performed. (Total 1315
loops)
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Figure 4.14: SEM images of redesigned silicon probes.

The large number of loops is due to reactant depletion, a result of depleted hardmask material. It is suspected that during hardmask etching, the photoresist
softmask is fully consumed, and some of the 3.5µm oxide is etched. This is due
to the poor selectivity of the CHF3 /O2 ; future iterations use a combination of
CHF3 /O2 and the more selective but also more isotropic CHF3 /Ar etch.

Undercutting of the silicon structure can be seen in the bottom-left and bottomright images of Figure 4.14, suggesting the final DRIE processing was largely
anisotropic. This undercutting leads to a weak structure susceptible to failure;
91

it is observed that when probes are removed from the wafer, the wire consistently
breaks, possibly due to shattering of the very thin silicon closest to the wire.

Figure 4.15: Two probes with the same design, located on the inner (left) and
outer (right) regions of the wafer. Variation in etch rate is due to nonuniform
etch-rates in the tool.

Another issue encountered is the variability in etch rate across the wire. Figure
4.15 shows two probes with the same design but in different locations on the wafer.
Because the PlasmaTherm etcher exhibits faster etch rates in the outer regions of
the wafer compared to interior regions, over-etching of probes in outer regions occurs.

Finally, it is noticed that the probes were difficult to remove from the wafer because
of an excessively-large remaining silicon tab. This is revised in the next design to
reduce the size of this holding tab.

4.3

Final Etch Mask

For the final backside etch mask, a single modified probe design is used. The
following changes are made:
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Figure 4.16: Modifications for final backside mask design, including decreased
tab width and increased height in (a), extended backside boundary underneath
wire in (b), tapered external boundary in (c), and rounding of sharp corners on
the backside mask in (d).

• (a) Tab Design: The width of the tab is decreased, and the length is increased. These changes make the final probe easier to remove from the
wafer.
• (b) Silicon under Wire: The backside trenches are extended to cover more
area under the wire. This provides more support underneath the wire.
• (c) Tapered Silicon Buffer : While previous designs had a single value for the
silicon buffer, this modified design tapered the exterior buffer from 45µm to
30µm over the length of the probe.
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• (d) Rounding of Sharp Corners: The corners of the backside design near
the wire are rounded to minimize the effects of RIE lag in this region that
necessitate longer etch times and loops.

Images of a probe processed with the modified backside mask are shown in Figure
4.17:

Figure 4.17: SEM images of redesigned silicon probes using single-design backside
etch mask. Rough texture in tapered underside of silicon body due to insufficient
isotropic etching.
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CHAPTER 5
ADDITIVE MANUFACTURING OF NANOSCALE HOT-WIRE
PROBES
The techniques thus covered in Chapters 3 and 4 focused on the fabrication of
etched silicon probes. Etching is a subtractive process; that is, the final probe is
formed by removing material from a bulk, in this case a silicon wafer. This section
shifts attention towards additive manufacturing methods, where the silicon wafer
is used as a foundation upon which the probe body is created by stacking layers
of various materials on top of one another.

5.1

Design and Fabrication of Electroplated Probes

The additive hot-wire anemometer probe is composed of three components: a
thin platinum trace that includes the sensing wire, arms tens of microns thick
that support the wire, and a large non-conductive support that holds the arms in
place. The platinum trace is deposited by evaporation, while the thick support is
composed of SU-8, a negative photoresist. For the arms, material candidates must
be relatively strong and capable of being grown to thicknesses of tens of microns.
Moreover, materials used must not be etched or deformed in HF, used to release
the probes. Initial work focused on electroplated copper because it exhibits such
qualities. The process flow is outlined:
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Figure 5.1: Electroplating process flow. A: Deposition of PECVD oxide on silicon
wafer, B: Evaporation of platinum thin film and processing of thick photoresist as
electroplating mold, C: Copper electroplating, D: Photoresist mold stripping and
SU-8 processing, and E: Probe lift-off in HF.

Figure 5.1 shows the general process for fabricating electroplated probes. A. shows
deposition of PECVD SiO2 on a single-side polished wafer. SiO2 is used as a
sacrificial layer for probe lift-off. In B., a thick photoresist is processed to form
wells where electroplated metal is grown to form the probe arms. The photoresist
covers the platinum wire to prevent plating in this area. Electroplated metal
is grown in C., and the photoresist is stripped. In D., a thick layer of SU-8, a
negative photoresist, is spun, exposed, and developed. The SU-8 is non-conductive
and acts as a structure that holds the two arms in fixed position. Finally, in E.,
the wafer is immersed in HF, which selectively etches the sacrificial SiO2 , thereby
lifting the probes off the wafer. A top-view of the final probe is provided in the
bottom right.
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Figure 5.2: Comparison of metal traces for additive processes (purple) and traditional silicon probes (pink).

This unique additive process has several benefits over the etch-heavy silicon probe
process. These include:

• The shape of the probe structure is directly defined by light rather than indirectly through an etch mask, allowing for decreased probe footprint. Compared to through-wafer etching, where the final probe shape is seldom the
same as the backside etch mask, the probe outline is almost exactly the same
as the mask design.
• Additive processes avoid the tedious iterative etch processes required to tune
the final probe shape. This follows from the first point, where the shape is
precisely defined by light in a single lithography step.
• Final probe thickness can be carefully controlled to within a few microns.
Electroplating growth rate is predictable, and the SU-8 layer can be spun
to thicknesses from tens of microns to hundreds of microns, comparable to
400-micron-thick bulk silicon wafers.
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• Only single-side polished wafers are necessary because backside etching is
not required. This makes the process more inexpensive, relative to silicon
probes, which require extensive deep reactive-ion etching and double-side
polished wafers.

5.1.1

Thick Photoresist Mold

Deposition of a 100nm layer of platinum with a 10nm layer of titanium for adhesion to the substrate proceeds with electron-beam evaporation and a bi-layer of
LOR and traditional photoresist. Because electroplating is required, conductive
traces must be added to “wire” each die to the wafer edge; this design will be
covered in detail in the next section.

Following deposition of the metal traces, a thick layer of photoresist is spun, exposed, and developed to serve as a mold for electroplated metal. Usually, thick
photoresists (greater than 10µm or so) are negative. Thick positive photoresists
are available, however, and AZ P4903 will be used. AZ P4903 can be spun to
thicknesses of about 30µm and is well-suited for adhesion even under corrosive
electroplating environments. The following process parameters are used:

1. Pipette 2-3 full droppers onto the wafer. Spin at 750rpm with a 2000rpm/s
ramp for 240 seconds. Long spin time is used to dry solvent.
2. Remove edge-bead with spinner. Multiple runs will be required.
3. Softbake in convection oven at 90◦ C for 35 minutes.
4. Hold at room temperature for one hour. This step is incredibly important
for thick films and allows for rehydration.
5. Align and expose with 750mJ/cm2 dose.
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6. Develop by immersion into AZ421K (pre-diluted) or 1:4 AZ400K:Distilled
H2 O. Features are developed in about 2 minutes in AZ421K and about 10
minutes in diluted AZ400K.

This recipe yields a final film thickness of about 27µm, as measured with a profilometer. Error tolerance in processing AZ P4903 is low, especially during the
alignment procedure. Misalignment of a few microns may expose the wire filament, which results in poor electroplating. This is made more difficult by the
thickness of the film. Processed photoresist on metal traces is shown:

(b) Poor alignment.
(a) Good alignment.

Figure 5.3: Processed AZ P4903 photoresist. Wire filament is buried under the film and is
protected during the electroplating procedure.

Areas with exposed platinum will grow electroplated metal. It can be seen in Figure
5.3(b) that the aligned photoresist layer is shifted slightly to the left. Electroplating
would lead to misshaped probe arms. Notice the wire filament is buried underneath
the photoresist to protect it during the electroplating process.

5.1.2

Copper Electroplating

Following development of the photoresist, the wafer is ready for electroplating.
The electroplating hood operates by passing electrical current through a circuit
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formed by an anode and cathode in the presence of a copper electrolyte solution.
A metal grid in the electroplating solution acts as an anode, and the metal traces
on the wafer act as the cathode. Because electrical connections for the wafer are on
the outer edge, each die must be electrically-connected to this region! This results
in the following mask:

Figure 5.4: Electroplating seed mask. Electrical connections to the edge of the
wafer are required for plating.

This layer is referred to as a seed layer. CNF offers three electroplated materials:
copper, gold, and nickel. Of these, copper is chosen because it may be grown to
tens of microns and does not incur additional charges like gold. Nickel exhibits high
stress and may only be grown to a few microns. Copper is also a good structural
material, although it suffers from a thermal conductivity higher than silicon that
contributes to end-conduction effects.
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(a) 4-inch wafer with electroplated copper. Photoresist is stripped.

(b) CNF copper electroplating hood [70].

Figure 5.5: Copper electroplating hood and plated wafer.

The wafer is first mounted into either a AMMT wafer holder or held by alligator clips. Copper electrolyte solution is heated and circulated in a tank, and a
user-defined recipe is created in the power supply visible in the hood control panel
in Figure 5.5(b). A number of parameters may be changed, such as the forward
(deposition) and backward (removal) pulse durations and pulse strengths. These
parameters are varied to obtain greater film uniformity, film quality, deposition
rates, and others. The default recipe of 900ms (60ms On/40ms Off) forward duration and 10ms (4ms On/6ms Off) reverse duration, for a total of nine forward
and one reverse pulses per cycle and an effective current of 0.164A is used.

To better understand the electroplating rates obtained, the wafer is plated for
90 minutes. The photoresist is then stripped, and the plating thickness of each
arm in a row of probes is measured with a profilometer. The plating rates are
plotted in the left image of Figure 5.6:
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Figure 5.6: Electroplating rate is found to decrease significantly as die are more isolated
from the wafer edge. A typical profilometer reading is provided.

We see that arms closest to the electrical connections plate most rapidly. As we
move further away from the wafer edge, plating rates drop off significantly. A
typical profilometer reading also shows the roughness in the copper. Notice that
the thickness at the edge of the plateau is noticeably larger; copper closest to the
photoresist boundary tends to grow faster. The issue stems from the non-zero
resistance of the seed layer. According to a patent filed by Jorné et al. [71], when
current is fed from the wafer edge, the critical parameter in plating uniformity B
is given by:
B2 =

ρ R2
ρel W d

(5.1)

Where ρ is the resistivity of the metal, ρel is the resistivity of the electrolyte, R
the radius of the wafer, W the thickness of the seed layer, and d is the distance
between anode and cathode (wafer). When B is less than one, electroplating will
be uniform. As B increases past one, plating will become more non-uniform [71].
Thus, some methods of increasing uniformity include a thicker seed layer, perhaps
by the addition of evaporated copper, contacts towards the center of the wafer, or
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increasing the distance between anode and cathode.

Figure 5.7: Each die is connected by a high-resistance path through the small
platinum filament, leading to non-uniform plating rates.

Examining the design of the seed layer mask in Figure 5.7, we find that each die is
connected to the wafer edge through only the platinum wire. This relatively high
resistance path, about 32Ω, contributes to non-uniform plating results. Moreover,
even larger metal traces, like those that connect arms of different die and the arms
themselves, contribute a resistive path for current flow. To remedy this issue, the
following modification is made:

Figure 5.8: Modification to seed layer mask to decrease plating non-uniformity.

In Figure 5.8, the blue traces are added to avoid the high-resistance path through
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the wire. However, even with this change, non-uniformity in plating is still observed.

5.1.3

Platinum Wire Fouling

A significant challenge during electroplating is the protection of the thin platinum filament. Because this filament is conductive and is necessarily electrically
connected to the arms and thus the wafer edge, the element would plate unless
sufficiently isolated from the electrolyte solution. The use of solely photoresist is
not recommended for a number of reasons. Electroplating tens of microns requires
hours of processing in the corrosive bath. Electroplating about 25-35µm, for example, required about ten hours of plating! Such extensive processing times may
lead to loss of adhesion of the photoresist mold, leading to underplating. This,
coupled with the poor adhesion properties of platinum, lend this process to high
rates of wire fouling:

Figure 5.9: Platinum wire fouling presents a significant challenge to successful probe fabrication. Fouling results from electroplating solution contacting the buried platinum wire.
Effects of such plating on the performance of probes has not been investigated.

Figure 5.9 shows probes with fouled platinum filaments before and after the thick
photoresist mold is stripped. It appears that the photoresist around the wire has
deformed, perhaps to loss of adhesion. The filaments, originally a bright yellow,
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are now plated with copper. An SEM image is taken of such a probe:

Figure 5.10: SEM images of probe with fouled platinum wire.

From Figure 5.10, it is evident the ideally smooth platinum wire is coated with
a rough, grainy film of copper. The shape of the copper arms are satisfactory;
the method of shape definition by photolithography appears to have worked well.
However, plating around the edges of the arms appears to have a similar grainy
texture to the wire.
Careful processing of the photoresist mold is required to prevent wire fouling.
However, it is found from experience that even with tight process parameters,
electroplating without wire fouling is unrepeatable. One solution is to introduce
a temporary mask of SiO2 over the wire to enhance wire isolation from the electrolyte bath. A thin layer of PECVD oxide, perhaps a few hundred nanometers
in thickness would be deposited over patterned metal traces and etched with the
existing mask for the photoresist mold. In this way, SiO2 not only protects the
wire, but also acts as a superior substrate for adhesion to AZ P4903 compared to
platinum. This extra layer of SiO2 is then etched by HF during probe release.

105

5.1.4

SU-8 Support Layer

Following electroplating and removal of the thick photoresist layer, SU-8, a negative photoresist commonly is used to fix the copper arms at fixed position. SU-8 is
chosen because of its ease of processing, ability to be spun to thicknesses of greater
than 100µm, and most importantly, its property as an electrical insulator. The
wire should be the only path of electrical conductivity.

SU-8, first developed by IBM for use as molds in electroplating [72], is a today
an ubiquitous photoresist due to its phenomenal material properties. The chemical can be spun from single microns to hundreds of microns in a single coat and
boasts very high aspect ratios. SU-8 is also relatively inert, impervious to many
chemicals such as HF. Its transparency makes inspection easy, and it is an amazing
thermal insulator. Moreover, its mechanical properties are well-known and have
been studied extensively.

Processing of SU-8 proceeds as normal with most photoresists. In addition to
the common spin deposition, softbake, exposure, and development steps, a postexposure bake is required. The photoresist operates by cross-linking, where SU-8
molecules exposed to UV radiation form chains that are difficult to break. Proper
control of each step is necessary for a high quality film. To form the final SU-8
support layer, SU8-2035 is processed to form a film about 125µm thick:

1. Spinning: Spin at 500/100/10 (spin speed/acceleration ramp/time) to spread
photoresist across wafer, followed by 1000/500/60 to reach final film thickness.
2. Soft-bake: Slowly ramp on Class II hotplate to 65◦ C and hold for 6 minutes.
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Ramp to 95◦ C and hold for 30 minutes. Turn off hotplate and let cool to
room temperature.
3. Exposure: Expose with 330mJ/cm2 dose. Higher dose is required for reflective surfaces such as metal.
4. Post-Exposure Bake: Slowly ramp on Class II hotplate to 55◦ C and hold for
upwards of two hours. Overnight bake is recommended. Turn off hotplate
and let cool to room temperature.
5. Develop: Immerse in SU-8 Developer or PGMEA or 10 minutes. Move to
fresh developer and immerse for another minute, followed by rinse in IPA.
Rinse with distilled water and spin dry.

The steps above were developed to minimize internal film stresses that could deform
the final shape of the probe and jeopardize the platinum wire. Particular attention
should be paid to the baking steps; a 55◦ C PEB investigated by Li et al. found
internal film stresses more than 70% lower cmopared with films processed using
recommended procedures in the datasheet [73]. Another crucial reference used is
MEMScyclopedia’s entry on SU-8 processing. The well-documented article is a
treasure trove of useful tips and resources regarding each step in the SU-8 process
flow, as well as a repository of the material’s physical properties [74].

107

Figure 5.11: Processed SU-8 on electroplated probes on 4-inch wafer.

5.1.5

HF Probe Release

The final step in probe fabrication is device release through immersion in HF. All
the probes lie on a layer of PECVD SiO2 , adhered by a thin film of titanium 10nm
thick. The SiO2 sacrificial layer is selectively etched by fluorine radicals in the solution and undercuts the probes, thereby releasing them from the wafer. Following
release, the probes are then rinsed in water and individually inspected for intact
wires.

49% concentration HF is used as an etchant. High concentrations are used for
faster etch rates. Because all the SiO2 underneath each probe must be removed,
overetching is not a concern. HF is a hazardous chemical, so full personal protective equipment, including thick nitrile gloves, face shield, and chemical apron are
required. To etch, the following steps are taken:

1. Shallowly fill a Teflon container with 49% HF.
2. Slide the wafer with probes facing upwards into a plastic wafer holder.
3. Carefully submerge the wafer into HF. Place a plastic cover onto the container
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and appropriately mark the chemical.
4. Let the etch proceed for 1-2 hours, checking occasionally for full release by
slowly and carefully moving the wafer holder.
5. Once probes are fully released, carefully lift the wafer holder out of the
container and slowly submerge into distilled water. Let probes sit in water
for 10-15 minutes.
6. Remove wafer and probes from water and place individual probes on microscope slide for inspection.

Etch rates of SiO2 by concentrated HF are unpredictable, due to the lack of a
buffering agent such as ammonium fluoride (NH4 F) that maintains the solution’s
pH and thus stabilizes etch rate [75]. Moreover, etch rates are a function of solution
temperature, loss of reactive species, contamination, film stress, loading, structure
geometry, and a number of other variables. Finally, the deposition method used
also impacts etch rate, with thermal oxides exhibiting slower etch rates than silanebased PECVD oxides [75].

Figure 5.12: KLayout design of SU-8 layer with marked dimensions in µm.

Clearly, the final etch rate is a function of unique processing parameters for each
application. It is observed that for electroplated probes, about one hour of immersion in 49% HF is sufficient to fully lift-off the probes. This relatively quick
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etch time is unexpected because of the millimeter-scale dimension of the probe.
Assuming an ideal isotropic etch, HF will remove the SiO2 underlayer at equal
rates from all sides, and the probe will be fully released when the short dimension
of the SU-8 layer is completely etched. This corresponds to 1080µm of etch depth
(half of 2160µm from the SU-8 dimensions) and thus approximately an 18µm/min
etch rate! Compare this to the measured 2.3µm/min etch rate of thermal oxide in
49% HF [75].

This phenomenon may be explained by the mechanical deflection of the probe
when partially lifted. Residual stress in the SU-8 will cause out-of-plane flexing of
the probe and thus delamination from the wafer, exposing more of the SiO2 underlayer. Consequently, the etch is not fully lateral, leading to faster-than-expected
etch rates.

5.2

Transition to SU-8 Probe Arms

Fabrication issues outlined in the previous section on electroplated probes, especially wire fouling, prevented successful production of even a single probe. Processing challenges were exacerbated by the slow and non-uniform plating procedures
that required extensive processing times, thereby limiting process characterization
and experimentation.

To address these issues in throughput, the copper electroplating layer is replaced
with an equally-thick layer of SU-8 to create a probe body composed only of the
negative photoresist. Producing probe arms with SU-8 has several benefits over
electroplating. Processing with SU-8 is relatively quick, and both the arm and
supporting body may be baked simultaneously. Because no material growth is
necessary, this process does not require processing of a thick photoresist mold,
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and there is no possibility of wire fouling. Moreover, SU-8 is a well-understood
mechanical material with well-documented properties. Finally, because SU-8 is
transparent, studying the effects of probe lift-off on the metal trace is as simple as
direct examination under an optical microscope.

The process is largely similar to the electroplating process and is shown in Figure
5.13. In the first step of the process flow, a thin film of platinum is evaporated
onto a thin layer of SiO2 . Next, two individual layers of SU-8 are processed. The
first layer is thin and constitutes the probe arms. The second layer is thicker and
holds the two thin arms in place.

Figure 5.13: SU-8 probe process flow. A: PECVD oxide deposition, followed
by platinum thin film evaporation, B: Processing of first SU-8 layer without development, C: Processing of thick second SU-8 layer, and D: Lift-off of probes in
HF.

Notice that following exposure of the first layer of SU-8, the second layer is spun
and exposed. PEB follows from the exposure of the second layer; while soft-baking
is required for each individual layer, only one PEB is required. Finally, the probe
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is lifted from the sacrificial SiO2 layer in 49% HF.

The same masks and processing parameters covered in Section 5.1.2 are used.
The SU-8 layer that replaces electroplated copper is processed in the following
steps:

1. Spinning: Spin at 500/100/10 (spin speed/acceleration ramp/time) to spread
photoresist across wafer, followed by 3000/500/60 to reach final film thickness.
2. Soft-bake: Slowly ramp on Class II hotplate to 95◦ C and hold for 6 minutes.
Turn off hotplate and let cool to room temperature.
3. Exposure: Expose with 240mJ/cm2 dose. Higher dose is required for reflective surfaces such as metal.
4. Post-Exposure Bake: PEB is performed alongside the second SU-8 layer by
ramping to 55◦ C and holding for upwards of two hours.
5. Develop: Immerse in SU-8 Developer or PGMEA alongside second layer for
10 minutes. Rinse with fresh developer, followed by IPA and distilled water.

The following microscope images are taken of the probe arms and probe body:
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Figure 5.14: SU-8 probes following development. Platinum traces are visible through the
transparent layers.

Figure 5.14 shows a probe following SU-8 development. The arms are measured
to be about 16µm thick, and the thicker SU-8 body is about 100µm thick. The
final step is probe release. To study the effects of HF on the probes, the Primaxx
HF vapor tool is used to partially release the probes with a slow etch rate. The
primary benefit of HF vapor is the decrease in stiction effects during wet etching,
where free-standing microstructures are drawn to a substrate by capillary forces as
the liquid dries. After etching about 2.5µm of the oxide underlayer, the following
images are taken:
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Figure 5.15: Partial release of SU-8 probes using vapor HF. Delamination of metal traces
from SU-8 is noticeable.

Examining the images in Figure 5.15, we notice that the clean metal traces in
Figure 5.14 have been distorted and deformed. To diagnose this issue, a Zygo
optical profilometer is used to measure the deflection in the probe arms:

Figure 5.16: Optical profilometer results showing maximum tip deflection of 16µm in
partially-released SU-8 probes.

Notice that even though the probes are not fully released from the wafer, optical
profilometer readings detect some deflection in the probe arms, measured to be
about 16µm at the wire. Considering the probe arms themselves are about 650µm
long, the maximum deflection is slight. However, this deflection causes the arms to
peel away from the wafer surface, pulling on the metal layer adhered to the wafer.

114

If adhesion of the metal to the SU-8 probe body is too weak or if the adhesion of the
metal to the wafer surface is too strong, significant peeling of the metal film occurs.

After full probe release in HF, the following SEM images of a probe with an intact
wire are taken:

Figure 5.17: SEM images of SU-8 probe with intact wire. Significant peeling of the metal
trace downstream from the wire and on the probe arms is evident. However, the definition of
the SU-8 support arms highlight the benefits of the additive manufacturing approach.

In Figure 5.17, we see SEM images of a released probe with 16µm-thick support
arms composed of SU-8. The definition of these arms, as well as a well-controlled
thickness, highlight the benefits of the additive manufacturing approach. However,
peeling of the metal film is significant, a result of film adhesion to SU-8. To remedy
these defects, modification of the film stack is necessary. Instead of titanium,
which is used to adhere platinum to the SiO2 sacrificial layer, an adhesion layer of
chromium will be used. The chromium adhesion layer is not etched in HF, unlike
titanium, and is deposited in vacuum alongside platinum to ensure no chromium
oxidation occurs.
Moreover, a single thick layer of SU-8 is used to minimize deflection in the probe
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tips, thus limiting mechanical flexing of the platinum wire. A single layer also
minimizes process variability, compared to the processing of two individual SU-8
films. Following evaporation of 100nm of platinum with 10nm chromium adhesion
layer, approximately 120µm of SU-8 are processed with a 55◦ C PEB. After lift-off
by immersion in HF, the following SEM images are taken in Figure 5.18:

Figure 5.18: Film cracking in lifted single-layer SU-8 probes with chromium adhesion layer.
Due to non-uniform stresses in the SU-8, the metal film is stretched and compressed in different
areas, leading to cracking.

While the issue of film peeling, the loss of adhesion of the film to the SU-8, is
remedied, film cracking is observed. Due to non-uniform stresses in the SU-8
layer, the metal film experiences stretching and compression, leading to mechanical
failure and thus electrical shorts. With an exceedingly small thickness, the thin
metal film is unable to withstand the stresses transferred by the SU-8.

5.3

Hybrid Electroplating & SU-8 Approach

From the lessons learned in Sections 5.1 and 5.2, it is clear modifications to existing processes are necessary. Electroplating presents challenges in the proper
processing of a thick photoresist mold, protection of the platinum filament during
plating, and non-uniform plating rates. Moreover, the process is relatively slow
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compared to SU-8, requiring hours to reach a thickness of tens of microns. Having
only SU-8 as a structural material, on the other hand, leads to issues such as metal
film peeling and cracking, a result of non-uniform stresses in processed SU-8 films.

A hybrid approach that combines an electroplated layer 10-15µm thick with an
added SU-8 layer is proposed, allowing for faster electroplating process times. The
conductive electroplated layer will act as a mechanical buffer, preventing the nonuniform stresses in SU-8 from directly straining the thin metal film and thus limiting film cracking. The process outline is shown in Figure 5.19:

Figure 5.19: Hybrid electroplating and SU-8 probe process flow. A: PECVD
oxide followed by platinum metal deposition, B: Second PECVD oxide layer, C:
Developed LOR/PR bi-layer acting as etch pattern for second PECVD layer, D:
Deposition of chromium and gold seed layer, E: Processing of thick photoresist
mold and copper electroplating, F: Application of single SU-8 layer after stripping
electroplating mold, and G: probe lift-off in HF.
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To protect the platinum wire during the electroplating process, a second PECVD
oxide layer is used to bury the platinum trace in B., preventing contact between
the wire and electroplating fluid. Plasma etching is used to expose the solder pads
in C. Following plasma etching of SiO2 on the solder pads, 10nm of chromium
and about 60nm of gold are evaporated in D. Chromium serves as an adhesion
layer between platinum and gold, and the gold acts as a seed layer to electroplated
copper. Gold is chosen due to its good adhesion to electroplated copper and its
resistance to oxidation.

An optical microscope image of a probe after gold deposition and stripping of
the photoresist bi-layer is shown in Figure 5.20:

Figure 5.20: Probe on wafer following gold deposition. Notice the platinum wire
is buried underneath a layer of PECVD SiO2 for protection during electroplating.
The olive-green background is 300nm of PECVD SiO2 on silicon.

With the gold seed layer deposited, a layer of AZ P4903 photoresist approximately
30µm-thick must be processed to form the electroplating mold. It is recommended
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to use the ABM contact aligner, rather than the MA-6 due to the former’s superior
alignment optics. An exposure dosage test is required for proper processing of the
AZ P4903.
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CHAPTER 6
PROBE VERIFICATION WITH TURBULENT FLOW
MEASUREMENTS
As important as fabrication is the verification of manufactured devices. After all,
the production of hot-wire anemometer probes with the semiconductor processing equipment would be pointless if the probes themselves don’t work! Because
the probes were designed for measuring fine turbulent scales, performance will be
gauged with a laboratory turbulent flow and compared to hot-wires created with
conventional means.

6.1

Free Jet Turbulence with Calibration Tank

To test the nanofabricated probes’ performance, we use a simple free jet produced
by a calibration tank. This set-up is advantageous because it allows for calibration
and testing with a model turbulent flow in a single apparatus.

Connected to the building facility’s air supply, the apparatus is capable of producing free jets of velocities up to about 60m/s. The outlet velocity is modulated
by a user-turned valve. To measure the air velocity, a pressure transducer is used,
whose output in percent of the maximum diaphragm pressure is digitized by a
CD23 carrier demodulator.

The pressure transducer’s maximum diaphragm pressure is set by the specifications of a particular model. In this set-up, a No.10 diaphragm on a DP103 pressure
transducer is used, with a maximum specified pressure of 86 Pascals. Measuring
air at atmospheric pressure at room temperature, a maximum air speed of about
10m/s may be measured. In practice, a mean flow speed of about 5m/s is used.
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The set-up is shown in Figure 6.1:

Figure 6.1: Calibration tank used to produce a laminar and turbulent free jet
for calibration and performance benchmarking, respectively. The hot-wire probe
is connected to an external CTA (not shown), and the bridge voltage is measured
with a voltmeter. A pressure gauge is used to measure the free jet’s flow speed.

The hot-wire is fixed in place with a stand. The user may move the hot-wire probe
towards or away from the jet outlet to calibrate the wire or to measure a turbulent
flow. A BNC cable forms electrical connections from the wire to an external CTA.
A voltmeter is connected to the output of the CTA and monitors the output of
the CTA’s wheatstone bridge.

A turbulent flow is generated with the calibration tank simply by moving the
probe a number of jet orifice diameters away from the opening. Far enough away
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from the orifice, the originally laminar jet transitions to a turbulent flow. For
the following experiments, the probes are placed 6 inches away from the 0.5 inchdiameter orifice. The ability to choose whether to calibrate a hot-wire probe with
laminar flow or to gauge its performance with a turbulent flow by simply changing
the position of the probe allows for quick, simple measurements.

6.2

Turbulent Analysis with Nanoscale Hot-Wires

Before the performance of nanoscale probes is measured, we begin with a crash
course in turbulent flow theory, walking through typical analysis with data collected by a replicated NSTAP fabricated in-house with an accompanying CTA
system. The raw collected data is a series of voltages read by a data acquisition
device of a known sampling rate g. Recall from Section 2.5 that these voltages are
related to the flow velocity by King’s Law. Calibration is performed by exposing
the hot-wire to known flow speeds and recording the resulting output voltages to
form the following curve:

Figure 6.2: Calibration curves relate output voltages to flow speed.
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From the calibration data, a power law fit is used to find the coefficients; this fit is
then used to convert raw voltage data to velocities. A one-dimensional turbulent
flow u may be decomposed into an average velocity U and turbulent fluctuations
u0 . That is:
u(x, t) = U (x) + u0 (t)

(6.1)

Equation 6.1 is referred to as a Reynolds decomposition of velocity. The relative
intensity of a turbulent flow is simply u0 /U and expresses the strength of velocity
fluctuations. If the intensity of turbulence fluctuations is small, then the flow may
be expressed as a function of space only by making the substitution t = x/U . This
is referred to as Taylor’s frozen turbulence hypothesis. One may imagine a snapshot
of the flow at an instance of time that moves along in space. Raw turbulence
data is commonly recorded with a hot-wire and sampled with an analog-to-digital
converter. A turbulent flow produced by a calibration tank 12 nozzle diameters
away from the opening is sampled at g = 200kHz with a CTA. The nanoscale
hot-wire is operated at an overheat ratio a = 1.6, set by an external resistor:

Figure 6.3: Velocity vs. time of jet turbulence collected by nanoscale hot-wire
anemometer probe at 200kHz.
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At first glance, Figure 6.3 appears to be a noisy, unordered plot. However, the
structure of turbulence is hidden in statistical analysis of this data. A defining
characteristic of turbulence is that the swirling eddies that make up the flow exist at a large range of length scales. To study this distribution of eddies, the
autocorrelation function is used:
R(t1 , t2 ) = hu0 (t1 )u0 (t2 )i

(6.2)

Here, the brackets denote an average quantity. The autocorrelation function is a
measure how well correlated or related the velocity fluctuations are to themselves
at two different points in time, t1 and t2 . If R is positive, the two values are said to
be correlated, and if negative, anticorrelated. Moreover, the magnitude represents
the strength of correlation, with large values representing strong correlation. A
correlation of zero means the values are not correlated. Because we can choose the
origin of time arbitrarily, the only quantity of importance is the time difference,
τ = t2 − t1 . Making this substitution:
R(τ ) = hu0 (t)u0 (t + τ )i

(6.3)

Typically, the correlation function is normalized by the value at τ = 0, such
that:
Rnorm =

hu0 (t)u0 (t + τ )i
hu02 i

(6.4)

At τ = 0, the function is simply equal to one. However, we expect that with
greater separation in time, the correlation function will drop to zero. To calculate
the correlation function, we notice that each time step τ is discrete, equal to the
reciprocal of the sampling rate. We start with the velocity fluctuation vs. time
data, which has N points:
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The ith component is shown in the array. We then circularly shift the array by i
positions to the left. This corresponds to a correlation function data point τ =
i/g:

Next, the trailing i elements of both the original and shifted arrays are dropped.
Element-by-element multiplication yields the resulting array:

Because the correlation function is defined as the mean value, an average is taken.
With hundreds of thousands, if not millions of data points in the raw data, computation is extensive. One solution is to take an ensemble average. The N data
points are broken into bite-sized chunks of a few tens of thousands of points, and
the correlation function is calculated for each chunk. Finally, the resulting individual correlation functions are averaged; this approach has the benefit of suppressing
noise.

The autocorrelation function is used to calculate the integral time scale Λt , a
measure of the “memory” of the turbulent flow. It is defined as:
Z ∞
Λt ≡
Rnorm (τ )dτ

(6.5)

0

Plotting the calculated autocorrelation function alongside the integral time scale
for a replicated NSTAP and 1.27µm wire in Figure 6.4:
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Figure 6.4: Normalized autocorrelation function with integral time scale for replicated NSTAP and 1.27µm wire. A high level of agreement is observed for short
time scales τ .

A high level of agreement is seen between the NSTAP replication and the conventional 1.27µm hot-wire, especially at short τ . The calculated integral time
scales for the replicated NSTAP and conventional hot wire are 1.8ms and 1.5ms,
respectively, differing by only 300µs. These observed differences may be due to
electronic noise, as well as the slightly different mean flow speeds used: 4.45m/s
for the conventional wire and 4.99m/s for the replicated NSTAP.

Following directly from the autocorrelation function are the energy spectra of the
flow. Turbulence is known to exhibit an energy cascade, where energy in the flow
is transferred from larger to progressively smaller scales until energy is efficiently
dissipated into heat. The energy spectral density E(ω) is defined as the Fourier
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transform of the autocorrelation function:
1
E(ω) ≡
2π

∞

Z

R(τ )e−iωτ dτ

(6.6)

−∞

Or in terms of the wavevector k and the 1D correlation distance r (invoking Taylor’s
frozen turbulence hypothesis):
1
E(k) ≡
2π

Z

∞

R(r)e−ikr dr

(6.7)

−∞

According to Kolmogorov theory, the energy in the inertial subrange follows a -5/3
power law; that is, E(k) ∝ k −5/3 . Frequency is related to the wavenumber simply
by k = 2πf /U . Plotting the energy spectral density vs. wavenumber:

Figure 6.5: E(k) for calibration tank jet turbulence.

In the low frequency range, up to about 100Hz, most of the flow’s energy is contained in these large length scales. From about 100Hz to about 5-6kHz, energy in
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contained in the inertial range, which are smaller than the energy-containing large
scales but larger than the dissipating viscous range. The inertial range approximately follows a −5/3rd power law. Above 5-6kHz, we observe a steeper slope in
the spectra, characteristic of the dissipation range.

Notice that the slope in the actual data is slightly more shallow than the −5/3rd
power law. This is because the Reynolds number of the turbulent jet is relatively
low. We find that using the equation for Re of a round jet:
Re =

UD
ν

(6.8)

Where U is the jet velocity, D is the jet diameter, and ν is the kinematic viscosity
of the fluid. For a half-inch jet diameter blowing room temperature air at 4.9 ms ,
Re ≈ 4000.

Thus, we have successfully verified these probes are capable of capturing turbulent
flows with a simple calibration tank set-up. To better understand the performance
of these probes, however, we must have some reference for comparison. For this
purpose, a conventional hot-wire probe fabricated with 1.27µm-diameter platinum
Wollaston wire is used to measure the same flow under the same conditions. With
a 20Ω resistance, the conventional wire has a l/d ratio of about 188. The energy
spectra of the conventional and nanofabricated hot-wires are compared:
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Figure 6.6: Comparison of energy spectra for conventional and nanofabricated
hot-wires showing high agreement of nanofabricated and conventional probes in
the large and inertial subranges, from a few Hz to about 20kHz.

In Figure 6.6, the spectra of the 1.27µm conventional hot-wire is compared with
the CNF probes operated at overheat ratios of 1.4 and 1.6. By tuning the hotwires with the CTA’s built-in software, changes in the measured spectra are also
observed. Tuning allows for modification of the amplifier filter and gain, as well as
the inductance of the cable connected to the probe. By observing the square-wave
response of the probe when changes to these values are made, we may maximize
the probe’s frequency response. See Appendix B for a step-by-step procedure of
probe initialization and tuning. A filtering effect is evident when examining the
high-frequency spectra in Figure 6.7:
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Figure 6.7: Dissipation range energy spectra comparison of conventional and
nanofabricated hot-wires. The spectra of the conventional probe (purple) begins
to flatten at about 20kHz, while the nanofabricated probes flatten at about 35kHz.
The noise floor in the nanofabricated probes is observed to be an order of magnitude
better than the conventional 1.27µm probe.

Here, the data have been smoothed with a moving average. More of the dissipation scale is resolved with the nanofabricated probes compared to the conventional
probe. This higher resolution is a result of the improved temporal filtering characteristics. Because of the lower thermal mass of the 60µm x 2µm x 100nm wire
dimensions, the sensing element can better respond to faster turbulent fluctuations. Notice that spectra of the Dantec software-tuned replicated NSTAP probes
flatten at high frequencies, having reached the limit of the anemometer system’s
capabilities. This noise floor may be due to a lack of signal strength or temporal
resolution from the probes or the limitations of the CTA electronics.
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6.3

Aerodyanmic Probe Spectra Verification

In addition to the replicated NSTAP, spectra are collected with the redesigned
aerodynamic probe using the calibration tank to verify the probe’s operation. With
a 60 x 2 x 0.1µm wire geometry, we expect the performance of the redesigned
aerodynamic probe to be very similar to the replicated NSTAP probe.

Figure 6.8: Comparison of energy spectra of calibration tank turbulent flow with
aerodynamic redesigned probe (yellow), replicated NSTAP (red), and conventional
1.27µm wire (blue). High agreement is found between the probes in the large and
inertial subranges, while the nanofabricated probes outperform the conventional
probe in the high frequency range from 20-40kHz. Measurements for nanofabricated probes are limited by the noise floor above 40kHz.
Comparing the spectra in Figure 6.8, we find a high level of agreement between
all probes in the large and inertial subranges. Similar to the spectra compared
in Figure 6.7, the nanofabricated probes exhibit superior performance at high
frequencies above 20kHz. Above 40kHz, these nanofabricated probes are limited
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by noise. As expected, the redesigned and NSTAP replication probes have very
similar frequency response and noise performance due to the 60 x 2 x 0.1µm wire
dimensions used in both. Looking at the spectra at high frequencies in Figure
6.9:

Figure 6.9: Comparison of energy spectra of calibration tank turbulent flow with
aerodynamic redesigned probe (yellow), replicated NSTAP (red), and conventional
1.27µm wire (blue) at high frequencies. The nanofabricated probes show superior
frequency response above 20kHz and superior noise performance, about an order
of magnitude less than the conventional probe.
Notice the spectra of the replicated NSTAP contains slightly more energy than
the redesigned probe. This is due to different mean flow speeds, 4.92m/s for the
replicated NSTAP and 4.25m/s for the redesigned probe.
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CHAPTER 7
CONCLUSION
Utilizing semiconductor manufacturing tools and techniques, silicon-based hotwire anemometer probes were manufactured to high yields with sensing elements
much smaller than their conventional counterparts.

Initial efforts focused on

NSTAP replication to gain a better understanding of the nanofabrication process,
including photolithography, deposition, and etching. Of these steps in the process
flow, it was found that etching presented the greatest challenge, requiring an
iterative tuning process to achieve probes with minimal silicon boundaries around
the platinum metal trace while minimizing undercutting.

Moreover, process

improvements were successfully applied. Using dry plasma etching on the entire
wafer at once, rather than buffered oxide etching on individual probes to release
wires significantly improved throughput.

Shifting from sputter deposition to

electron-beam evaporation of platinum significantly reduced residual stresses,
resulting in yield rates near 100%.

During validation with calibration tank

turbulence, it is observed that these probes are able to resolve more of the
dissipation range than a traditional 1.27µm-diameter hot-wire, while maintaining
a high degree of agreement in the large and inertial scales.

To showcase the capabilities of nanofabrication techniques, a probe with
smoother contours was developed and fabricated, in contrast to the sharp features
of the NSTAP designs. The redesigned probes contain a number of changes,
including higher density on a single wafer and a gentler taper compared to its
predecessor. Moreover, these probes have been designed with a more aerodynamic
shape to minimize aerodynamic interference that may influence measurements.
The demonstrated success in probe fabrication, with high yields and throughput
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while maintaining high repeatability, promise an economical method of generating
large amounts of high-quality probes.

In addition to silicon-based probes that rely on etching, this thesis experimented with additive manufacturing techniques to explore the viability of
fabricating probes by adding material to the substrate. These processes promise
key benefits over their subtractive counterpart.

Most importantly, the final

probe shape is defined by photolithgraphy rather than etching, resulting in a
more accurate representation of the mask design while also avoiding the iterative
tuning process. Initial attempts focused on using electroplated metals, namely
copper, as the structural arms of the probe. It was found that immersion in the
corrosive electroplating bath posed significant challenges, including non-uniform
plating rates, processing of thick photoresists used as electroplating molds, and
perhaps most significantly, fouling of the platinum wire. These challenges led to
a transition from electroplated copper to SU-8 for the probe arms. While issues
such as metal film peeling that prevent successful electrical connection through
the wire remain, it is demonstrated that the probe structure with intact wires may
successfully be made through additive means. Process changes outlined in Section
5.3, including a layer of oxide to protect the platinum wire during electroplating,
the addition of a chromium and gold seed layer to promote adhesion of the metal
film to electroplated metal, and a layer of SU-8 on top of electroplated metal to
reduce the electroplating process time, are currently in progress. More efforts are
required to refine the HF lift-off of probes.

Compared to the additive manufacturing of probes, silicon-based probes
that rely on etching present a much more mature process. Yield rates are very
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high, near 100%, and RIE lag has successfully been applied to construct 3D
tapers in the final structure, with minimal silicon supports at the wire. Control
over RIE lag may enable different taper profiles in addition to the simple linear
taper achieved in the present work. However, the definition of additive manufacturing probes are superior. These final structure of these probes are defined
directly with photolithography, and the thickness of constituent layers may be
more precisely controlled than with through-wafer etching. These advantages
promise more well-defined structures that may minimize the effect of aerodynamic
interference.
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CHAPTER 8
FUTURE WORK
It should be clear that a great deal of improvements and advancements are possible
in the area of nanofabricated hot-wire anemometer probes. This chapter will focus
on measurements of interest, as well as several areas of improvement that may
be immediately pursued, while bringing attention to other future work that will
contribute greatly to progressing this technology.

8.1
8.1.1

Measurements of Interest
Angular Response Comparison

The aerodynamic probes discussed in Chapter 4 were designed to minimize the
effects of aerodynamic interference on measurements, with a smaller footprint near
the wire, as well as a contoured body compared to the NSTAP. When changing
a probe’s yaw and pitch relative to a mean flow, we expect less variations in
measured mean flow speed with our aerodynamic probe. The magnitude of these
variations must be measured.

With nearly identical sensor dimensions of 60 x 2 x 0.1µm, we expect the
asymmetrical cross-section to have equal influence on the measurements of either
probe. Thus, any observed changes to the measured mean flow speed as a function
of yaw or pitch will be a result of the probe’s shape. Such a measurement may
be carried out with the calibration tank and an apparatus that allows the user
to control the yaw or pitch. First, a flow speed will be chosen and kept constant
for both sets of measurements. At zero-degree pitch or yaw, the voltage will be
recorded. By increasing the pitch or yaw, a corresponding decrease in voltage,
and thus measured flow speed, will occur. Sweeping over a range of pitch or yaw
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angles will provide a function of measured mean flow speed as a function these
angles. An ideal probe would have no variation with changing yaw or pitch – a
flat response. Probes with less aerodynamic interference will have a more flat
response, or less variation in measured flow speed.

8.1.2

Prong Thickness Variations

In addition to the angular response comparison of the redesigned aerodynamic probes to the replicated NSTAP, the effect of prong thickness on the
aerodynamic interference is also of interest.

This provides a measurement of

the efficacy or even the necessity of the 3D taper. Multiple variations of the
taper thickness may be created with existing masks by varying the etch recipe
used.

Thinner taper supports may be achieved by extending the amount of

final DRIE loops. In addition, a control with no taper can be compared; this
design exists on the etch matrix mask for the redesigned probe. It may also be
interesting to study the effects of various tapered profiles in addition to the linear profile on aerodynamic interference, though this will require new mask designs.

Like the aerodynamic response comparison measurement, this experiment
may be performed on the calibration tank and an apparatus that allows for
control of the pitch and yaw. Probes with different tapers will measure the mean
flow speed over a range of pitches and yaws, and probes with less aerodynamic
interference will exhibit a more flat response.

8.2
8.2.1

Immediate Improvements
Pursuing Smaller Wires

The probes in this thesis contained a sensing element 60µm-long, 2µm-wide, and
100nm-thick. From the theory outlined in Chapter 2, having smaller wires is
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advantageous for a number of reasons. Spatial and temporal filtering effects due
to the physical size and thermal mass, respectively, of the wire are minimized
with a smaller wire. Moreover, the ribbon-like shape is very much different from
conventional cylindrical probes and invites a discussion regarding the influence of
wire orientation relative to the flow.

Limitations in the possible dimensions of the wire are imposed mainly by
the capabilities of the exposure tool used. For the MA-6 contact aligner, limits
are reached around 2µm, or the width of the wire. Pursuing sub-micron width
dimensions would require more advanced equipment. Initial work may focus on
transitioning to the ABM contact aligner, which may reach 0.4µm in Mid-UV and
Deep-UV (DUV) with vacuum contact mode. However, it should be noted that
the practical resolution limit is only around 0.6µm, the resolution of DWL2000
mask writer. Contact lithography, after all, produces a 1:1 image of the mask
on the wafer. Application of the ABM would the simplest method of obtaining
smaller wire dimensions, as changes to the existing silicon-based probe fabrication
process only include a new mask for the top-side metal traces.

Figure 8.1: ABM contact aligner. The tool boasts a light source with Mid-UV
and DUV capabilities that allow for 0.4µm features [76].

138

To get around the issue of contact lithography, more advanced exposure tools,
namely lithography steppers, are required. Rather than exposing the entire field at
once, one or a few die are exposed at a time. The shorter wavelengths used (either
i-line or DUV) lead to higher resolution and thus the ability to print smaller wires.
CNF offers three steppers, the GCA6300 (g-line), GCA AutoStep 200 (i-line),
and ASML PAS5500/300C (248nm DUV). The AutoStep 200 has a resolution
limit of about 0.6µm, while the ASML boasts a resolution limit lower than 170nm.

The ASML has several key benefits over the other steppers.

Not only does

it have the finest resolution, it has extremely accurate and precise backside
alignment.

The only other tool with backside alignment capabilities is the

MA-6 contact aligner. Such alignment is a necessary component of silicon probe
fabrication. Moreover, the resolution of the backside taper pattern is also limited
by the exposure tool. Thus, the ASML offers utmost control of the backside
design, the finest wire resolution, and the most precise layer-to-layer overlay.

Such a transition, however, may be difficult.

The ASML requires the use

of DUV photoresists, anti-reflective coatings, understanding of a complex alignment system, and use of SEMs for proper inspection. These challenges make for
a time-consuming process, although the benefits would be significant.

8.2.2

Thicker Solder Pads

One issue with current silicon probes is the non-negligible resistance of the solder
pads within the metal trace (See Appendix E). This makes determining the exact
resistance of the wire and thus the overheat ratio difficult. Expanding the extent
of the solder pads and stubs in the wire plane is infeasible, as these components
must taper to smaller cross-sections to approach the size of the wire, and a greater
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extent would introduce more aerodynamic interference.

A solution is to simply add more material to non-wire areas while maintaining a 100nm-thick platinum wire. This adds an extra step to the fabrication
process just after top-side metal trace lift-off. A new mask would be made, and an
additional lift-off procedure would be used to add metal only to these areas. The
metal would ideally be low-stress with a low thermal conductivity, such as a metal
alloy. The low stress allows for thicker films, while a low thermal conductivity
minimizes end-conduction effects. Even a micron or two of such a metal film
would significantly decrease the trace resistance in these areas.

8.2.3

Advancements in SU-8 Probes

Improved Lift-Off Procedure
The most undeveloped step in the additive probe process flow is the final lift-off
of the probes in HF. Currently, the wafer must be carefully removed from the
HF bath and slowly placed into a water rinse. This process is prone to probes
drifting off the frame; clearly, a better solution is necessary. A frame that holds
each probe in place, similar to the silicon etching process and its tabs, would be a
welcome addition.

One solution would be to deposit a microns-thick layer of amorphous silicon onto the sacrificial oxide layer to form a rudimentary silicon-on-insulator
wafer. Etching through the amorphous silicon, structural tabs may be formed.
These tabs would adhere to the probes, keeping them in place during wet etching
of the oxide.
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Limiting Metal Film Peeling
Peeling of the metal film remains a significant hurdle to producing successful
additive probes. The root cause of this issue lies in the tendency of SU-8 to deflect
due to intrinsic stresses; partial release of the arms leads to deflection that pulls
the metal film from the substrate, resulting in film tearing. Moreover, titanium,
currently used as an adhesion layer between the substrate and metal film, reacts
violently with HF and may jeopardize wire survivability.

To approach these issues, a new film stack is used that replaces the titanium adhesion layer with chromium.

Chromium is not attacked by HF. In

addition to a new film stack, roughening of the platinum layer with an ion beam
may improve adhesion to the SU-8 by exposing more surface area.

8.3
8.3.1

Further Improvements
Temperature Measurements

While the probes discussed in this thesis focus primarily on velocity measurements,
temperature measurements are also possible. This field is referred to as cold-wire
anemometry, and the wire is operated at low overheat ratios to maximize sensitivity
to ambient temperature fluctuations. One measure of performance is the wire’s
sensitivity to such fluctuations, given in constant current mode by [1]:
Sθ,cc = αIR0

(8.1)

This equation provides the sensitivity in units V /◦ C, the change in measured
voltage as the temperature changes. We see that material properties such as
resistivity and TCR directly affect sensitivity. Decreasing the wire cross-sectional
area and increasing length, as well as increasing applied current lead to increased
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sensitivity. For a 60 x 2 x 0.1µm platinum wire operating at 0.1mA, the theoretical
sensitivity is only 12µV /◦ C.

For high-resolution temperature measurements, a probe must be specifically
designed to meet the application.

In addition to maximizing temperature

sensitivity, the thermal lag of the wire, which prevents instantaneous temperature
measurements of the flow, is of critical importance. This lag is given by:
Mw (t) =

mw cw
1
αR0 f [U (t)]

(8.2)

Where the lag Mw is a function of the wire mass mw , specific heat of the wire
material cw , TCR α, and cold resistance R0 of the wire. It is also dependent on
the flow parameters. Minimization of the lag may thus be achieved by lengthening
the wire and decreasing the cross-sectional area, which also decreases the mass of
the wire.

To measure temperature fluctuations, a CCA is used to feed a small current to the wire. Difficulty in temperature measurements lies in the calibration
procedure. Velocity measurements are relatively simple because jets of known flow
speed are easily made. For temperature measurements, however, static calibration
must be performed with a thermocouple and a jet with varying temperature.

8.3.2

Integrated 2D Velocity Sensor

The current thesis focuses solely on one-dimensional velocity sensors. This is
because only one wire is used. If information about more than one dimension is
desired, a different configuration must be used. Two-dimensional sensors, also
known as X-probes, have two hot-wires oriented at equal and opposite angles with
respect to the flow. The probes operate by simulatenously measuring the flow.
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Through calibration and data analysis, the resulting flow speed and direction in
2D space is extracted.

Current state-of-the-art X-probes include the X-NSTAP, which consists of
two NSTAPs designed with a 45◦ -slanted wire. One sensor is flipped such that
the metal traces of the probes face one another, and the two individual sensors
are adhered to one another with thin Kaptop tape. On the Kapton tape are gold
conductive traces used to electrically connect the probes to external electronics.
The spacing between wires is set by the thickness of the tape, about 50µm. With
a spatial resolution of 42 x 42 x 50µm, the probe presents an order of magnitude
leap in performance over conventional cross-wire probes.

While impressive, the current X-NSTAP design suffers from limited throughput
due to the need of adhesive, patterned Kapton tape; each X-NSTAP must be
individually assembled. An integrated 2D velocity sensor may be manufactured
by placing two independent metal wires in a V-pattern on a single silicon body.
One end of each wire would be placed close to one another to minimize distance
between the two wires. While the effective spatial resolution will be worse than
the X-NSTAP, this approach allows the wires to be angled at precise orientations
and circumvents the need for alignment and adhesion of two probes.

8.3.3

Integrated Velocity & Gas Concentration Sensor

Semiconductor manufacturing techniques may also be applied to probes capable
of simultaneously measuring velocity and gas concentration. Such sensors are
composed of two independent hot-wires, one of which lies in the thermal wake of
the other hot-wire probe.

143

The operating principle of the sensor lies in the dependence of the King’s
Law coefficients on the gas concentration. During calibration, a King’s Law fit of
voltage vs. flow velocity is performed for different gas concentrations, and placing
one wire in the thermal wake of the other increases sensitivity to concentration.
To maximize the effect of the wake, the wires must be placed very close to one
another, on the order of tens of microns.

Hewes and Mydlarski [77] investigated the effects of a number of design
considerations upon the performance of such a velocity and gas concentration
sensor made by soldering two conventional hot-wires close to one another. They
found that operating the upstream hot-wire at a high overheat ratio and the
downstream wire at a low overheat ratio was beneficial for concentration sensitivity. Moreover, concentration sensitivity is found to increase with decreasing wire
separation distances. The best results are found to occur when both wires have
the same diameters.

Clearly, such a probe could benefit significantly from nanofabrication techniques. Wires of similar size with well-controlled separation distances on the order
of microns could easily be generated. Moreover, instead of the labor-intensive
process of manually soldering the wires onto probe supports, semiconductor
fabrication allows for the deposition of independent metal traces in a single
step.

8.3.4

New Wire Materials

Throughout the history of hot-wire anemometry, probes have been typically made
of tungsten, platinum, or platinum alloys. This is especially true for conventional
probes, where a limiting factor in material candidates is the ability to be spun to
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thin wires. Even in nanofabricated probes, like the ones in this thesis, platinum
remains the material of choice. With a relatively high TCR that is constant over
a large temperature range, platinum boasts high sensitivity with high repeatability.

With semiconductor fabrication tools, however, the possible material candidates expands considerably. Advanced deposition methods allow for thin film
materials from metals to semiconductors to oxides, each with their own unique
benefits. Some conducting oxides, such as vanadium dioxide, nickel oxide, and
molybdenum oxide, exhibit TCRs that may exceed the TCR of platinum by a
full order of magnitude. This presents significant gains in sensing capability of
hot-wires.

Typically, high-TCR films have found application in bolometer materials to
maximize signal sensitivity. It must be noted, however, that the characterization
of such films will be a lengthy and difficult process. The TCR is heavily dependent
upon processing parameters. For example, Smith et al. found that vanadium oxide
co-sputtered with gold had resistivities that ranged from 0.1-10Ωcm with TCRs
from about -2.3 to -1.1%/◦ C. These electrical properties depended on deposition
power, chamber pressure, oxygen concentration, and the use of unbiased or RF
biased substrates in the sputtering tool [78]. Other work on vanadium oxide films
focused on V2 O5 targets to achieve TCRs as high as -2.51%/◦ C; using an oxide
target avoids tuning of oxygen content in the vacuum chamber [79].

Jin et al. investigated molybdenum oxide and nickel oxide thin films, achieving
MoOx films with resistivities from 3-2000Ωcm with TCRs from -3.2 to -1.7%/◦ C
and NiOx films with resistivities from 1-300Ωcm with TCRs from -3.3 to -2.2%/◦ C
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[80]. Ion beam deposition was used to deposit films, and it was found that material
properties depended significantly on oxygen content in the chamber and ion source
discharge parameters. Incredibly impressive is Émond, Hendaoui and Chaker’s
investigation of Wx V1−x O2 films, which achieved a TCR as high as -10.4%/◦ C
with low resistivity values from 0.012-0.10Ωcm, albeit over a narrow temperature
range from 22-42◦ C. For this application, close attention was paid to the growth
of epitaxial layers using lattice matching with a lanthanum aluminate substrate
[81]. Aside from microbolometer applications, high TCR materials have received
attention in heat-assisted magnetic recording devices used in next-generation hard
drives. These materials are designed to operate at hundreds of degrees ◦ C, and
the patent describes a potpourri of metal oxides with various doping to achieve
high TCR materials [82].

It is clear that proper characterization of the TCR of these films will require significant resources. Aside from characterization, the mechanical properties
of the film, namely thin film stress, is of critical importance. High-stress films will
lead to high rates of wire breakage, as discussed in Appendix C. Initial efforts
may be aimed at producing metal oxide films supported by a thin layer of high
resistivity material, such as silicon dioxide or undoped silicon.

8.3.5

Passively and Actively-Heated Stubs

From the theory outlined in Chapter 2, we find that for finite-length hot-wires,
end-conduction effects are of critical importance to sensor performance.

The

wire ends are assumed to be held at the ambient temperature, and the resulting
temperature gradient from hotter areas of the wire to the cool ends leads to
heat drain from wire to stubs. The magnitude of heat drain can be decreased if
we artificially increase the temperature in these areas, either with some kind of
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insulation or through direct heating.

To examine the impact of stub heating on end-conduction, we must redo
our hot-wire heat transfer theory, starting from the initial assumed boundary
conditions. Appendix F covers this theory and includes the derivation of the
resulting wire-end temperature for the cases of a perfectly-insulated stub, an
imperfectly-insulated stub, and active heating with and without a perfect insulator. The difficulty in producing a probe with actively-heated stubs lies in finding
a material that is electrically-insulating but thermally-conductive. The heater,
made of a metal such as platinum, must not physically contact the hot-wire
metal trace to avoid any shorts. Materials such as boron nitride would fit this
application well.
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APPENDIX A
ABRIDGED NANOFABRICATION GUIDE
Chapter 3 provides an in-depth discussion of techniques, methods, and process
considerations to successfully fabricate probes. This appendix is an abridged stepby-step guide to quickly get up to speed with the tools and user inputs to go
from bare silicon wafers to ready-to-use devices. This guide only applies to silicon
probes, both the replicated NSTAP and aerodynamic redesigned probes.

A.1

Tools Required

To use any tool in the CNF, a user must be trained and qualified by a staff member
in charge of the tool. Initial on-boarding training will automatically qualify a user
on a limited number of tools; separate training will be required for others. Staff
recommends that qualification be performed when the the user is ready to use the
tool so knowledge of operation is fresh. It is assumed that separate training will
be required for the following tools, unless specifically mentioned otherwise:
Photolithography
• Class I Photoresist Spinners and Hot-Plates (Included in On-boarding)
• Photolithography Chemical Hoods (Included in On-boarding)
• Hamatech Wafer Process Developer (Included in On-boarding)
• Photoresist Hot Strip Bath (Included in On-boarding)
• Class II Photoresist Spinners and Hot-Plates
• SÜSS MA-6 Contact Aligner
Thin Film Deposition
• Oxford Instruments PECVD
• SC4500 Odd-Hour Evaporator
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Etch
• Hamatech Piranha Etch (Included in On-boarding)
• Anatech Resist Strip
• Oxford Instruments PlasmaLab 82 RIE
• Unaxis 770 DRIE
• PlasmaTherm Versaline DRIE

A.2

Fabrication Recipe

A.2.1

Oxide Deposition

Purchase three double-side polished wafers from CNF’s cleanroom store. These
wafers are 400µm thick with a very thin native oxide. With our fresh silicon:
1. Clean both sides of the wafer in the Hamatech Hot Piranha tool. Even
though these wafers are fresh, storage in containers for lengthy periods of
time introduce organic contaminants. Simply slide the wafer into the grooves
of the chuck and run Recipe #1.
2. Deposit 500nm of SiO2 on one side of the wafer with the Oxford PECVD, using the “High-Rate Oxide” recipe. Place the wafer on a 4-inch wafer support
to prevent the wafer from sliding in the vacuum chamber. This decreases
the deposition rate to about 240nm/min, requiring about 2 minutes and 15
seconds of deposition time.
3. Using the same procedure, deposit 3.5µm to 4µm of oxide on the reverse
side of the wafer. Note: Depositing the 500nm layer first makes it easier to
identify wafers due to the striking resulting color. Thicker layers (>1µm) are
only visible under certain lighting and angles.
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A.2.2

Platinum Metal Deposition

1. In Class II Photoresist room, dehydrate the wafer by baking on LOR hotplate for 180◦ C, 500nm oxide facing upwards. This improves adhesion of
LOR. Blow-dry with N2 gun to remove large particles.
2. Spin

LOR5A

on

500nm

speed/acceleration/seconds).

oxide

at

3500/10000/45

Soft-bake at 180◦ C for 4 minutes.

(spin
This

controls undercut rate under developer.
3. In Class I Photoresist room, spin S1805 at 3500/3000/60. Soft-bake at 115◦ C
for 60 seconds.
4. Expose with metal trace deposition mask with MA-6 contact aligner in hard
contact mode with 27.5mJ/cm2 dose. To center wafer chuck, move x-axis
and y-axis micrometer screws to 10mm position. Centering is important to
ensure no die are left off the wafer and to make backside alignment easier.
5. Develop in Hamatech automatic developer tool with 120 seconds 726MIF,
double puddle. A longer development time is used to ensure LOR sufficiently
undercuts the photoresist layer.
6. (Optional) Descum wafer surface in Anatech Resist Stripper with 150W oxygen descum recipe for one minute. This removes any photoresist that may
be leftover from development step. This exceedingly thin layer of leftover
photoresist may degrade metal adhesion to the oxide.
7. Deposit 10/100nm Ti/Pt with SC4500 Odd-Hour Evaporator. Remember to
not get your crucible placement mixed up and to ramp electron-beam power
up slowly to avoid metal from spitting. For platinum, aim for about 1Å/s
to speed up deposition.

150

8. Place wafer into cut wafer holder and submerge in 1165 to remove excess
metal. This process takes a few hours at room temperature.

A.2.3

Backside Hardmask

With the top side of the wafer fully processed, we now turn our attention to the
back side of the wafer, which requires extensive etching.
1. Clean the backside of the wafer with the Hamatech hot piranha. Throughout
the previous procedures, contaminants may have scummed this side of the
wafer, which was in contact with many different surfaces.
2. Spin HMDS at 3500/5000/45, followed by SPR220-3.0 at 2000/2000/60.
HMDS acts as an adhesion promoter for the photoresist layer. Soft-bake
at 115◦ C for 90 seconds. Do not remove the edge-bead. Oxide is desired in
these areas to prevent wafer breakage during DRIE.
3. With the MA-6, align the front-side pattern to the backside mask with the
tool’s camera system. Expose with about a 45mJ/cm2 dose in vacuum mode.
Vacuum mode is required because of the fine lines and spaces in the trench
patterning. Note: the quoted dose is only a starting point! Be sure to
characterize this process with a few wafers to ensure proper exposure if this
is your first time – this step demands tight processing parameters.
4. Perform post-exposure bake at 115◦ C for 90 seconds.
5. Develop in Hamatech automatic developer with 726MIF for 90 seconds.
Be sure to inspect results with an optical microscope to check for
over/underexposure.
6. Descum with Anatech Resist Stripper at 150W for 60 seconds. This is necessary to process repeatability, as leftover resist may severely impact etch
rates.
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7. Hardbake photoresist in 90◦ C convection oven to drive out any remaining
solvent. This prevents reflow and pattern definition loss during etching of
the hardmask.
8. In Oxford PlasmaLab 82, etch about half of the backside oxide with CHF3 /Ar
recipe and the rest with CHF3 /O2 recipe. Do this in 20 minute steps to
prevent overheating of photoresist softmask. If this is your first time, check
etch rates with the FilMetrics F40. Add a few minutes to theoretical etch
time to account for RIE lag effects.
9. After etching through oxide, strip resist in the hot strip bath.

A.2.4

Deep Reactive-Ion Etch and Probe Release

• Etch for 500 loops in PlasmaTherm Versaline Deep Silicon Etcher.
• Etch for 300 loops in Unaxis 770 Deep Silicon Etcher. Both DRIE etchers are
used because of their inverted etch nonuniformity (PlasmaTherm is faster on
wafer edges, Unaxis is faster in center). Using both tools allows for a more
uniform DRIE process.
• Etch for 40 minutes with SF6 /O2 in Oxford PlasmaLab 82 to perform preliminary isotropic etch to remove most of the silicon sidewalls.
• Mount on carrier wafer (single-side polished silicon), adhering with cool
grease paste. To apply cool grease, take a small amount with the plastic
end of a cleanroom Q-Tip and apply a dab to the edge of the front-side of
the wafer. Make sure no die touch this material! Two to four small dabs
are sufficiently. Align the etched wafer to the carrier, using the notches as
references, and press together lightly. With the clean end of two new Q-Tips,
press down moderately on the dabbed areas to make intimate contact.
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• Etch with the Unaxis 770 until front-side oxide is visible. It appears wrinkly,
transparent, and iridescent. About 150 more loops are required. If this is
your first time, perform this final etch in small batches of 50 loops, checking
for the appearance of oxide in between each etch batch. Once oxide is visible
throughout the wafer, check underneath an optical microscope to examine
the etch progression nearest the wire! Silicon in this area persists the longest
due to RIE lag effects.
• Etch the front-side oxide with CHF3 /O2 in Oxford 82 to fully release the
probes. Now the devices are ready for immediate use!
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APPENDIX B
INITIALIZATION AND CALIBRATION
Mounting and initializing silicon probes with the Dantec StreamLine Pro CTA
system are covered in this appendix entry. These probes are attached to probe
supports with solder – the supports hold the probe in a flow and serve as an
electrical interface with external electronics.

B.1

Mounting onto Probe Supports

Attaching a silicon probe to supports is a delicate task that requires a microscope
and steady hands. These nanofabricated probes are designed with large conductive
pads that enable soldering to supports. The following steps are taken to successfully solder probes to supports:
1. Using tweezers, remove a probe from the silicon wafer and place on soldering
table, metal trace side up.
2. Place soldering iron with chisel tip on solder pads to heat. After a few
seconds, quickly press solder wire onto both pads to melt a small amount.
Solder will flow over the pads. It is important not to add too much solder,
as excessive flux will prevent solder from adhering to the metal.
3. With a probe support placed in its mount, align the two sharp ends with the
probe solder pads. Pressing the support down, heat the pads to connect the
device to the support. If required, melt solder wire onto the iron and brush
over the pads to add more solder.

154

Figure B.1: Successfully soldered probe on probe supports. Excess flux, which
appears amber, is present hear the edges of the solder.
A successfully soldered probe is shown in Figure B.1. After the probe is soldered
onto the support, the resistance is measured with an ohmmeter. Reading a resistance ensures the wire is not broken, and the resistance is used to set the overheat
ratio. Typically, the measured resistance is higher than the theoretical wire resistance; see Appendix E for more detailed explanation of this discrepancy.

Figure B.2: Measurement of probe resistance with ohmmeter.

B.2

CTA Set-up

We turn our attention to the Dantec StreamLine Pro, an easy-to-use CTA that
requires little set-up before it is ready to use. Initialization of the CTA proceeds
as follows:
1. Start up the Dantec StreamLine software.
Database,” boxed in red in Figure B.3.
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Begin by pressing “New

Figure B.3: Dantec control panel upon start-up.
2. After inputting requested information such as database name, the software
will request a system configuration. The system configuration allows the
user to specify what is connected to each channel in the system. Begin by
pressing the image of the StreamLine Pro, boxed in red in Figure B.4.

Figure B.4: Initial system configuration. StreamLine Pro boxed in red.
3. Channel 3 is reserved for nanoscale probes and will be used. However, the
software only allows the user to specify probe types channel-by-channel, starting from Channel 1. Insert a 1D probe, boxed in red, for each channel, as
shown in Figure B.5. Note that the chosen wire dimensions and probe sup-
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port model number do not matter, as we will specify the overheat ratio with
an external resistor. However, choose “4m” cable.

Figure B.5: Channels filled with 1D probes.
4. Channels 1 and 2 may be cleared with the “Delete” button. We are then left
with only a probe attached to Channel 3, as shown in Figure B.6.

Figure B.6: Channels filled with 1D probes.
5. With the system configuration complete, the software will prompt a hardware
configuration. Make sure that no probe is connected to the BNC input on
the CTA channel! During hardware configuration, the system will attempt
to read a resistance and may burn out the wire. With no probe connected,
allow the hardware configuration to run and dismiss any errors.
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6. After hardware configuration is completed, it is safe to insert the probe into
the CTA channel. The resistance is measured with a multimeter, as shown
in Figure B.2. Set the external click potentiometer resistance to set the
overheat ratio.
We now tune the hot-wire anemometer with the square-wave test. This injects
a electrical signal into the Wheatstone bridge to simulate velocity fluctuations.
Frequency response should be taken with a grain of salt; however, the test will
ensure proper tuning to avoid bridge imbalance issues.
1. Open the square-wave test. A pop-up should open, with a graph near the
top. The data in the graph is nonsensical, as the probe is not being operated.
Increase the sample frequency to 10000kHz. Ensuring the probe is inserted
and the external resistance is properly set, press “Start” and “Operate” to
turn on the CTA. The CTA is now operational.
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Figure B.7: Operational probe with injected square-wave test.
2. We now tune the CTA. Increase the “Amplifier Filter” until the oscillations
following the first undershoot are mostly damped. During this procedure,
the bridge may go out of balance. If so, restart the square-wave test and
increase the filter before pressing “Operate.” Next, adjust the “Amplifier
Gain,” if necessary. An example of a well-tuned probe is shown in Figure
B.7.
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Figure B.8: Tuned probe during square-wave test.
3. Finally, press “Stand By” and close the square-wave test window to end the
procedure.
Now the probe is ready to be operated under flow conditions. To ensure minimal
drift, anneal the wire by leaving it in “Operate” mode overnight.

160

APPENDIX C
RESIDUAL THIN FILM STRESS
This appendix discusses the difference in measured thin film stress in evaporated
and sputtered films. Film stress have origins in three primary areas: intrinsic,
thermal, and mechanical [83]. Intrinsic stress is a result of the deposition process
and parameters used. Thermal stresses arise when the film is subjected to different
temperatures, and mechanical stresses are applied by external forces. In the case
of hot-wire anemometer probes, thermal stresses arise from Joule heating, and
mechanical stresses from applied aerodynamic loads.

Figure C.1: Failed wire with sputtered platinum film.
In this appendix, we focus on intrinsic stresses. It is found that sputtering and
electron-beam evaporation yield vastly different intrinsic stress in platinum films.
This stress is responsible for high failure rates observed in fully-released probes
that used sputtered films. Figure C.1 shows a wire that failed at one end, in
addition to a zoomed-in image of the tear in the exceedingly-thin platinum film.

To measure and compare the stress in sputtered and evaporated platinum
films, the FleXus film stress measurement tool is used. The tool operates by
measuring the deflection in wafers due to the presence of a compressive or
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tensile film by scanning across the substrate with a laser. Comparing this to the
deflection before the film is deposited, the film stress is calculated. The FleXus
also allows for heating of the substrate to measure the effect of thermal stresses
on the film.

Figure C.2: FleXus Thin Film Stress Measurement tool [84].
The maximum temperature limit of the FleXus is 200◦ C. Unfortunately, the tool
does not have a cooling apparatus, and the tool must be allowed to return to
room temperature following every temperature sweep.

Residual stresses (thermal and intrinsic) are measured in platinum films deposited by sputtering and electron-beam evaporation. Two angular orientations
of the wafer, 0◦ and 90◦ , perpendicular and parallel relative to the primary flat
are used. The wafers are heated slowly to 200◦ C, and the resulting film stress is
measured in regular intervals. In total, four measurement sets are obtained and
plotted:
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Figure C.3: Measured thin film stress for sputtered and evaporated platinum.
We see that the sputtered film contains drastically more residual stress than the
evaporated film, about three times more across the entire temperature range.
Moreover, we see that as temperature increases, the measured film stress steadily
decreases.
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APPENDIX D
PROBE ARM DIMENSIONS
When designing the additive manufactured probes, probe arm dimensions were
chosen such that the probe would be able to withstand worst-case aerodynamic
loads. Modeled as a single cantilever, the probe arm measures approximately
650µm in length and 50µm in width. These dimensions are fixed by the mask
design.

When electroplating metal or spinning SU-8, the thickness of these

cantilevers may be modified.

While we want the minimum possible probe thickness to minimize aerodynamic interference effects, the probes should be thick enough to withstand the
maximum expected aerodynamic load. In the worst-case scenario, flow strikes
the probe arms along its thickness – this presents the most surface area while
minimizing the cantilever’s moment of inertia. This force is the drag force:
1
FD = ρACD U 2
2

(D.1)

Where ρ is the mass density of the fluid, A is the cross-sectional area perpendicular
to the flow, CD is the drag coefficient for a flat plate, and U is the maximum fluid
velocity. This force is uniformly distributed over the exposed face. The minimum
thickness allowed is one which allows the full load to be applied without material
failure.

For a rectangular cantilever, failure occurs at a maximum stress σmax that
is dependent on the material used. SU-8, a ductile material, fails at a fracture
strength of about 34MPa. Electroplated copper, where plastic deformation occurs,
exhibits varying yield strengths from 90.3-184.6MPa depending on deposition
method and parameters [85].

The maximum bending moment occurs at the
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cantilever base:
σbend,max =

Mc
I

(D.2)

Where M is the bending moment, c is the furthest point from the neutral axis
measured in the perpendicular direction, and I is the moment of inertia. c is
simply half the thickness. For a flat plate, I =

1
wt3 ,
12

where w and t are the

width and thickness of the beam, respectively. For a uniformly-distributed load,
the maximum moment M is:
Mmax =

Fmax L
2

(D.3)

Putting it all together, Equation D.2 becomes:
σmax =

3L
FD,max
wt2

(D.4)

This gives a relationship between the dimensions of the probe arms, the applied
aerodynamic load, and the material’s maximum strength before failure. For an
example maximum flow speed of 50m/s, an SU-8 probe with arm dimensions
L = 650µm and w = 50µm must have a thickness:
s
3 × 650µm × (6.37 × 10−5 )N
tSU 8 =
= 8.55µm
34M P a × 50µm
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(D.5)

APPENDIX E
COMSOL SIMULATIONS OF RESISTANCE
When initializing a hot-wire probe, its resistance must be read to correctly determine the wire’s overheat ratio, a measure of the elevated wire temperature during
operation. In addition to the wire, the cable, support, and leads also contribute to
the total resistance and are compensated for when setting the external resistance.
This external resistance is set by the following equation [40]:
Rext = BR × [aR0 + Rleads + Rsup + Rcable ]

(E.1)

Here, BR is the bridge ratio inherent to a CTA’s wheatstone bridge design, R0 is
the room temperature resistance of the wire, a the overheat ratio equal to Rw /R0 ,
and Rleads , Rsup , and Rcable are the resistances of the the leads, support, and
cable, respectively.

Thus, we set the overheat ratio a by choosing an external resistance Rext .
Typically, the lead, support, and cable resistances are provided by the manufacturer. During wire initialization, it is observed that these resistances are small
compared to the nanoscale hot-wire element. Our theoretical value of the wire
resistance is given by the equation for resistance:
Rwire =

ρL
A

(E.2)

Because we have a rectangular cross-section, we easily calculate the theoretical
resistance value. For a platinum 60µm-long wire 2µm in width and 100nm thick,
we calculate a resistance of 31.8Ω.

When we actually measure a wire soldered onto a probe support with a
digital ohmmeter, however, we find the resistance varies considerably, from about
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50-70Ω. Moreover, we notice that for metal traces evaporated on a wafer, the
measured resistance changes depending on where the ohmmeter leads are placed!
The root cause of this issue lies in the non-negligible resistance of the 100nm-thick
platinum in areas excluding the wire. Placing the ohmmeter leads closer to the
wire and variations in solder coverage effectively bypass areas with non-negligible
resistance.

Figure E.1: COMSOL simulations show non-wire areas of the platinum trace
have significant resistances.
To verify this claim, the resistance of the wire trace must be calculated. However,
due to the complex shape of the trace, simulations must be performed. COMSOL,
a multiphysics software, is used, with simulation results plotted along the trace
in Figure E.1. By applying a known current to the trace ends and subsequently
measuring the resulting voltage, the resistance may be calculated by Ohm’s Law.
A test current density of 1.6667 × 107 A/m2 , or about 1mA is applied to one end of
the trace. A resulting voltage of 1.3287mV is measured with the other trace end
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held to ground, and the simulated resistance is thus:
Rtrace =

1.3287mV
= 132.87Ω
1mA
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(E.3)

APPENDIX F
THEORY OF INSULATED AND ACTIVELY-HEATED STUBS
This appendix provides a preliminary theoretical derivation of thermal conduction
in a hot-wire when the stubs, the portion of the probe that directly contacts the
hot-wire, is insulated and passively cooled or actively heated. This derivation is
a steady-state analysis. Our analysis begins with Equation 2.13, the differential
equation that governs the wire temperature distribution:
d2 T1
+ K1 T1 + K2 = 0
dx2

(2.13 revisited)

The temperature distribution along the wire for stubs that are assumed to be at a
constant temperature equal to the ambient:


p
cosh |K1 |x
K2 
p
T1 =

1 −
|K1 |
cosh |K1 |l

F.1

(2.15 revisited)

Perfectly-Insulated Stub

For a perfectly-insulated stub, the interface temperature between stub and wire is
no longer the ambient temperature Ta . Instead, it is some temperature Ti greater
than Ta . We modify the boundary condition such that:
T1 = Ti − Ta at x = ±l
Solving Equation 2.13 with this revised boundary condition, we find:


p
K2 
K2 + K1 (Ti − Ta ) cosh |K1 |x
p
T1,mod =
1 −

|K1 |
K2
cosh |K1 |l

(F.1)

(F.2)

Notice that if Ti = Ta , we retrieve Equation 2.15 for the fully-exposed stub. We
may find the rate of heat conduction at the wire-stub interface by simple differentiation with respect to x:
dT1,mod
dx

=−
x=l

K2 + K1 (Ti − Ta )
p
p
tanh |K1 |l
|K1 |
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(F.3)

Equation F.3 will frequently be used to solve for the wire-stub interface temeprature for a number of different probe set-ups. For a perfectly insulated stub, there
is no heat convected away from the stub by the flow. If we assume that the stub
temperature changes only along the length of the stub towards the prong, the heat
transfer equation for the stub is simply:
d2 Ts
dx2

=0

(F.4)

Where Ts is the stub temperature. Here, we have also assumed that the resistance
of this stub is so small that there are negligible effects from Joule heating. From
this equation, we retrieve the equation for 1D conduction:
kAs (Ti − Ta )
Q̇cond =

Ls

(F.5)

It is important to note that this quantity is in Watts. k is the thermal conductivity
of the stub material, As is the cross-sectional area of the stub, and Ls is the length
of the stub.

For a perfectly insulated stub, the rate of heat conduction is constant along the
length of the stub. Because we know the heat conduction rate at the wire-stub
interface, given by Equation F.3, we may simply set these two quantities equal to
one another:
−kAw

dT1,mod
dx

= Q̇cond
x=1

(F.6)

K2 + K1 (Ti − Ta )
kAs (Ti − Ta )
p
p
kAw
tanh |K1 |l =
Ls
|K1 |
From this, we may solve for the interface temperature Ti :


p
p
Ls |K1 |
 kAs Ta kAw tanh( |K1 |l)(K2 − K1 Ta )
p
p
p
Ti =
+


Ls
kAs |K1 | − kAw Ls K1 tanh( |K1 |l)
|K1 |
(F.7)
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F.2

Imperfectly-Insulated Stub

While Section F.1 provides the theory for a perfectly insulated stub, in reality,
there will be some heat carried away by the insulating layer. We will see that the
temperature profile along the stub will no longer be linear.

A schematic of the model is shown. In the imperfect insulation, heat is conducted
from the stub towards the insulator. At the face where the insulator meets the
fluid, heat is carried away by convection. Again, we assume the temperature profile
in the stub is one-dimensional. However, the temperature profile of the insulator
varies in two dimensions: along the length of the stub and towards the fluid. We
may model the heat transfer through the insulator as a set of thermal resistors in
series:

Here, there are two resistors, one for conduction through the insulator and one
for convection to the fluid. It is important to note that because the temperature
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profile of the stub varies along x, the heat transfer through the insulator must also
vary with x. We may calculate the value of each thermal resistor:
1
Rconv =

hAt

(F.8)

Lins
Rins =

kins At
Here, h is the coefficient of thermal convection; this quantity varies with the conditions of the flow. kins is the thermal conductivity of the insulating material, At
is the area where the stub and insulator meet, and Lins is the thickness of the
insulating layer. The total resistance of the conduction-convection resistances may
be found by adding the quantities in Equation F.8:
1
Rtot = Rins + Rconv =

hAt

Lins
+

kins At

kins + hLins
=

hkins At

(F.9)

Because we’re looking at a small, infinitesimal section of the wire, we must divide
the total heat conduction by the length of the stub.

This figure shows an infinitesimal length of the insulating layer. The conduction
through this section from the stub and convection out through this section is given
by:
1
dQ̇ins =

Ls Rtot

1
(Ts (x) − Ta )dx =

hkins At

Ls kins + hLins
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(Ts (x) − Ta )dx

(F.10)

The heat transfer equation of the non-ideal insulated stub is then:
d2 Ts
kAs
2

d Ts
kAs

dx2

dx2

1
−

dx − dQ̇ins = 0
(F.11)

hkins At

Ls kins + hLins

(Ts (x) − Ta ) = 0

Unlike the perfectly insulated stub’s heat transfer equation found in Equation
F.4, we have an added term due to thermally-conducting insulator. If we define
T2 = Ts − Ta , we have the following simplified equation:
d2 T2
kAs

1
−

dx2

hkins At

Ls kins + hLins

T2 = 0

(F.12)

Notice if we have a perfect insulator, kins = 0, we retrieve Equation F.4. We can
tidy up this equation by defining a constant K3 :
d2 T2

− K3 T2 = 0

dx2

(F.13)
hkins At

where K3 =

kAs Ls (kins + hLins )

We may solve this differential equation by applying the following boundary conditions:
T2 = Ti − Ta at x = 0
(F.14)
T2 = 0 at x = Ls
Solving in MATLAB with boundary conditions provided in Equation (23), we
find:
e−
T2 =

√

K3 x

√

(e2

K3 Ls

√
e2 K3 Ls

√

− e2

−1

K3 x

)
(Ti − Ta )

(F.15)

From this, we may find the interface temperature by taking the derivative and
setting this equal to the rate of heat conduction from the heated wire:
 √

√
2 K3 Ls
2 K3 x
dT2
√
p
e √ + e

= − K3 e− K3 Ls 
 (Ti − Ta )
2
K
L
s
3
dx
e
−1
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(F.16)

−kAs

dT2
dx

= −kAw
x=0

dT1,mod
dx

(F.17)
x=l

Finally, we find the interface temperature for the non-ideal insulated probe by
isolating Ti :

√
√
p
√
kAw tanh( |K1 |l)(K2 − K1 Ta ) kAs K3 Ta e− K3 Ls (e2 K3 Ls + 1)
√
p
+
e2 K3 Ls − 1
|K1 |
(F.18)
Ti =
√
√
p
√
− K3 Ls 2 K3 Ls
(e
+ 1) kAw K1 tanh( |K1 |l)
kAs K3 e
√
p
−
e2 K3 Ls − 1
|K1 |

F.3

Heater with Perfect Insulator and Thermal Conductor

In a setup with a perfect thermal conductor sandwiched in between the heater and
stub, as well as a perfect insulator blanketing the probe, any heat produced by the
heater will be conducted towards the probe. The heater has a power input:

Ph = Ih2 Rh = Ih2

ρh Lh
Ah

(F.19)

Where Ih is the current applied to the resistive heater, and Rh is the resistance
of the heater element. ρh is the resistivity of the heater material, Lh is the
length of the resistive heater, and Ah is the cross-sectional area of the heater.
It is important to note that Lh and Ah are not necessarily equal to Ls and As ,
respectively. The resistive heater may very well, and usually does, have a different
geometry, i.e. a winding path.

As before, we assume that the stub’s temperature profile only varies in one
direction. Because we are interested in the power dissipated per unit length of
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the stub from the heater, we simply divide Equation F.19 by Ls . If we take an
infinitesimal section of the stub, we find the following differential equation:
d2 Ts
kAs

Ph
+

dx2

Ls

=0

(F.20)

We may solve this with the following boundary conditions:
Ts = Ti at x = 0
(F.21)
Ts = Ta at x = Ls


Ti − Ta 
Ph
 Ph
x2 + 
−
Ts (x) = −
 x + Ti
2kAs Ls
2kAs
Ls

(F.22)

Once again, to find the new stub-wire interface temperature, Ti , we first find the
spatial derivative of the stub temperature at x = 0:


dTs (x)
Ph
Ti − Ta 
 Ph
=−
x+
−

dx
kAs Ls
2kAs
Ls
(F.23)
dTs
dx

Ph
=
x=0

−

2kAs

Ti − Ta
Ls

Setting the rate of heat conduction of the stub at x = 0 equal to the rate of heat
conduction of the wire element at x = l:
−kAs


dTs
dx


= −kAw

dT1,mod

x=0

dx

x=l

Ti − Ta 
K2 + K1 (Ti − Ta )
p
 Ph
p
As 
−
tanh |K1 |l
 = −Aw
2kAs
Ls
|K1 |

(F.24)

Finally, we isolate Ti to find the new temperature at the wire-stub interface with
a perfect heater:

p
 Ph kAs Ta kAw tanh( |K1 |l)(K2 − K1 Ta )
p
p
p
Ti =
+
 +

Ls
kAs |K1 | − kLs Aw K1 tanh( |K1 |l) 2
|K1 |
p
Ls |K1 |



(F.25)
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Notice that if the heater is off, Ph = 0, we retrieve Equation F.7, the case of the
perfectly-insulated stub.

F.4

Heater with Imperfect Insulation

This probe’s stub has a layer of thermally-conducting electrical insulator with
thermal conductivity ki , a heater at temperature Th , and a layer of blanket insulator with conductivity kb . For this setup, we may model with thermal resistors
as:

Here, the resistances have the the following values:
Li
Ri =

ki At
Lb

Rb =

(F.26)

kb At
1

Rconv =

hAt

Any heat produced by the resistive heater with temperature Th must either be
conducted towards the stub or out to the fluid via convection. We may express
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this as the following energy conservation equation:
Ph = Ih2 Rh = Q̇hs + Q̇hf

(F.27)

Here, Q̇hs is the power conducted from the heater to the stub, and Q̇hf is the power
convected to the fluid. From the resistive network shown above, we may solve for
both Q̇hs and Q̇hf , assuming the temperature of the heater is greater than both
the stub and the fluid (i.e. Th > Ts > Ta ):
1
Q̇hs =

Ri

(Th − Ts )
(F.28)

1
Q̇hf =

Rb + Rconv

(Th − Ta )

From Equations F.26 and F.27, we may solve for the temperature of the heater
Th :







Ts (x)
Ta
 Ri (Rb + Rconv )   2

+
Th (x) = 
 Ih Rh +

Ri + Rb + Rconv
Ri
Rb + Rconv

(F.29)

Notice that the temperature of the heater is also spatially dependent upon x. The
heat transfer equation for the stub in this case is:
d2 Ts

1
kAs 2 −
(Ts (x) − Th (x)) = 0
dx
Ri Ls




2
1 
Ts (x)
Ta
d Ts
 Ri (Rb + Rconv )   2

+
kAs 2 −
Ts (x) − 
 Ih Rh +
 = 0
dx
Ri Ls
Ri + Rb + Rconv
Ri
Rb + Rconv
(F.30)
Notice that if we have perfect insulation (Rb → ∞), we retrieve the case of the
perfect heater, Equation F.20.
d2 Ts
kAs

dx2

−

Ih2 Rh
Ls

= 0 ⇒ kAs
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d2 Ts
dx2

−

Ih2 ρh
Ah

=0

(F.31)

ρh Ah
Here, we have invoked the equation for the resistance of the wire, Rh =

Ls

. To

tidy up, we define the following constants:


1
Rb + Rconv 

K4 ≡
1
−


kRi Ls As
Ri + Rb + Rconv
(F.32)
Ri Ta + Ih2 Rh Ri (Rb + Rconv )

K5 ≡

kRi Ls As (Ri + Rb + Rconv )

Then Equation F.30 becomes:
d2 Ts
dx2

− K4 Ts + K5 = 0

(F.33)

We solve this equation with the following boundary conditions:
Ts = Ti at x = 0
(F.34)
Ts = Ta at x = Ls
From MATLAB, we find the solution for the temperature profile of the stub:
K5
Ts (x) =

K4

1
+

K4

√
(e2 K4 Ls

√

[e
− 1)
√

−e

K4 (Ls −x)

K4 (Ls +x)

√

(K5 − K5 e

(K5 − K5 e−
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√

K4 Ls

K4 Ls

√

− K4 Ls + K4 Ti e

− K4 Ls + K4 Ti e−

√

K4 Ls

K4 Ls

)

)]
(F.35)
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