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Abstract

One of the most important technical goals in spacecraft design is maintaining the vehicle’s integrity under
the extreme conditions encountered during reentry to the Earth’s atmosphere. When a hypersonic vehicle travels
through the atmosphere, a high-density and low-temperature plasma sheath forms around it due to shock heating
of the surrounding air and ablation of the heat shield material, which leads to the dissociation and ionization of the
background atmosphere. The plasma sheath that surrounds the spacecraft affects the heat transfer to the
spacecraft, its aerodynamics, and its capability to communicate.

A thorough knowledge of reentry plasma sheath properties is needed to effectively develop reentry
vehicles capable of maintaining structural integrity, aerodynamic stability, and communications during reentry.
This thesis reports the preliminary development of a novel plasma diagnostics technology that is modular and that
can be used to both monitor the reentry of a spacecraft and serve as a scientific payload in a miniaturized satellite.
The technology utilizes planar arrays of batch-fabricated micro Langmuir probes that can be surface-mounted on a
reentry vehicle or miniaturized sateilite as a sensorial skin to perform time-resolved measurements of the electron
temperature and number density of the surrounding plasma sheath. These low-cost, miniaturized plasma sensors
align with the paradigm shift in space technology, where missions are visibly smaller, inexpensive, and high
performance.

A rough analysis of the reentry heat transfer and ptasma data, and our own microfabrication capabitities,
led to the design and batch-fabrication process of the micro Langmuir probes. The micro Langmuir probes were
constructed by filling-in with electroless nickel 100 um-diameter tapered vias machined into a Pyrex substrate,
resulting in individually addressable probes having 600 um-diameter tips. The highest density arrays that were
fabricated consist of 25 probes per 1 cm-square tile, having 1.6 mm separation between probes and square
packing, though up to 39 probes per 1 cm-square are possible. The MEMS Langmuir probes were preliminarily
tested in a plasma environment similar to atmospheric reentry at MIT’s Versatile Toroidal Facility (VTF). The
MEMS Langmuir probes were operated as a current-mode triple probe to obtain real-time estimates of the
electron temperature, number density, and Debye length. The performance of the MEMS Langmuir probes as a
triple probe was benchmarked using a homemade conventional triple Langmuir probe. The plasma parameters
measured by the MEMS Langmuir probe were within the range of VTF's reported plasma parameters, but the
estimates of the electron density and Debye length were not within the range of the estimates from the
conventional triple Langmuir probe using identical plasma. Therefore, we believe that better driving circuitry is
needed to increase the signal-to-noise ratio in the MEMS probe data. Nonetheless, these preliminary results
suggest that the MEMS Langmuir probe technology has a promising role for conducting reentry plasma diagnostics
and serving as nanosatellite scientific payload.
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1 Introduction

One of the most important technical goals in spacecraft design is maintaining the vehicle’s
integrity under the extreme conditions encountered during reentry to the Earth’s atmosphere [1].
When a hypersonic vehicle travels through the atmosphere, a high-density and low-temperature plasma
sheath forms around it due to shock heating of the surrounding air and ablation of the heat shield
material, which leads to the dissociation and ionization of the background atmosphere {2]. The plasma
sheath that surrounds the spacecraft affects the heat transfer to the spacecraft, its aerodynamics, and
its capability to communicate.

The reentry plasma sheath can induce a communications blackout. Signal attenuation in plasma
is caused by the existence of a cut-off frequency (i.e., plasma frequency) due to the presence of free
electrons in the plasma. The communications blackout occurs when the plasma frequency is greater
than the radio wave frequency [3]. A communications blackout poses a major concern because it causes
the loss of voice communication, data telemetry, and any kind of support/feedback provided to the
spacecraft by mission control on the ground. In addition, the reentry plasma sheath could eliminate
electronic countermeasure capabilities during the reentry of military ballistic missile payloads such as
Lockheed Martin’s Trident Il D5 intercontinental ballistic missile (ICBM), and Boeing’s LGM-30G
Minuteman Il ICBM [4,5,6].

The communications blackout phenomena reached public awareness in the 1960’s when
manned space missions first commenced [7]. A notable cry for concern was raised during Apollo 13’s
failed attempt to land on the moon. During the return to Earth, NASA engineers were unsure whether
the Apollo capsule was reentering the atmosphere at the correct angle. The communications blackout
persisted longer than expected, and during this time it was not possible for mission control to assess
what was happening onboard the capsule, including the status of the crew [3]. However, a
communications blackout can cause far more serious problems. An example of a disastrous reentry due
to a communications blackout occurred at the end of the Genesis mission in 2004. Upon reentry, a
sensor failure prevented the drogue parachute from opening. Therefore, the capsule could not
decelerate and it crashed into the Utah desert. This failure could have been mitigated by mission
control if they had been in constant contact with the vehicle throughout reentry [3].

The communications blackout problem was solved for NASA’s Space Shuttle Orbiter program, a
reusable manned spacecraft for spaceflight into near-Earth orbit. Due to its complex geometry, the
Space Shuttle was not fully encapsulated by a plasma sheath during reentry, and thus communications
antennas were strategically installed in areas that were relatively plasma-free. Radio communications
during reentry were maintained using the Tracking and Data Relay Satellite (TDRS) system [2].
Otherwise, the Space Shuttle would have endured approximately 16 minutes of communications
blackout [3]. However, with the retirement of the shuttles in 2011 and the return to Apollo-like capsule
reentry vehicles, communications blackouts remain a pressing problem.

Besides the problem of the communications blackout, the reentry plasma sheath can threaten
the aerodynamic stability and structural integrity of a vehicle due to heat transfer. A near-disaster due
to heat transfer from the reentry plasma sheath was encountered by the Soyuz 5 capsule in 1969.
During the reentry procedure, the service module of the Soyuz 5 failed to separate after retrofire, but by
that point it was too late to abort the maneuver. When the Soyuz 5 began aerobraking in the higher
altitudes of the atmosphere, the combined spacecraft arranged itself in the most aerodynamically stable
position, i.e., nose forward. Thus, the Soyuz 5 capsule was facing directly into the hot plasma stream
with only its light metal entry hatch at the front to protect it. The gaskets sealing the hatch began to
burn, filling the passenger compartment with dangerous fumes. The deceleration, while normal for
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reentry, pulled the cosmonaut Boris Volynov outward against his harness rather than against the
padded seat. Fortunately, as the thermal and aerodynamic stresses on the combined craft increased,
struts between the Soyuz 5 capsule and service module broke off or burned through before the hatch
failed. Then, the Soyuz 5 capsule immediately righted itself once the service module was removed, with
the nose backward and the heat shield forward to handle the brunt of reentry. Unfortunately, the
reentry problems did not stop here. The capsule’s parachute lines tangled and the soft-landing rockets
failed, resulting in a hard landing which remarkably only broke Volynov's teeth. The capsule landed in
the Ural Mountains 2 km southwest of Kustani, near Orenburg, Russia, far from its target landing site in
Kazakhstan. The local temperature was -38 °C. Knowing that many hours would pass before rescue
teams could reach him, Volynov abandoned the capsule and hiked several kilometers to seek shelter at a
local peasant's house [8].

The Space Shuttle Columbia STS-107 reentry disaster on February 1, 2003 is a crucial example of
how heat transfer from the reentry plasma sheath can destroy the structural integrity of a reentry
vehicle. The loss of Columbia began as a result of damage incurred by its thermal protection system
(TPS) on the leading edge of its left wing when a piece of foam insulation the size of a small briefcase
broke off from the Space Shuttle external tank (the main propellant tank) due to the aerodynamic forces
during launch. The Space Shuttle's TPS shields the spacecraft from the heat generated during
atmospheric reentry. However, the breach in Columbia’s TPS allowed superheated air to penetrate
through the leading edge insulation on the left wing during reentry, progressively melting the wing’s
aluminum structure, until increasing aerodynamic forces caused loss of control, failure of the wing, and
ultimately the break-up of Columbia over the southern United States. Unfortunately, this break-up
occurred during a flight regime in which, given the design of the Space Shuttle, there was no possibility
for the crew to survive [9].

A thorough knowledge of reentry plasma sheath properties is needed to effectively develop
reentry vehicles capable of maintaining structural integrity, aerodynamic stability, and communications
during reentry. However, the fundamental processes that control the reentry plasma sheath are still not
well understood. Furthermore, the conditions of the plasma sheath rapidly change throughout reentry,
which introduce additional complications. Analytical approaches alone are not enough to gain a
complete understanding of the plasma sheath. For example, the electron density profile is highly
dependent on the angle of attack and the precise shape of the vehicle, and becomes extremely
challenging to compute for complex shapes. Therefore, instrumentation must be developed to measure
in real-time the transient properties of the plasma sheath during reentry, in as many locations as
possible on the spacecraft [6].

In a standard space mission, low-cost instrumentation has not been an obvious necessity
because space missions usually cost about USS 10,000 per pound of payload. For the case of the Space
Shuttle, the cost of each mission is about USS 450 million when all expenses are considered [10].
However, using batch-fabrication technology to manufacture miniaturized high-performance and
modular plasma sensors with tight specs is very desirable as it can be used to implement a ‘sensorial
skin’ that blends with the spacecraft body without changing its aerodynamic attributes. This can
certainly be achieved through the utilization of microfabrication techniques. In addition, low-cost high-
performance instrumentation aligns with a new paradigm for space missions where the cost of a mission
becomes mainstream affordable by developing mass-fabricated miniaturized & autonomous hardware.

A very exciting research trend in spacecraft design for affordable space missions is the
development of satellites having wet masses on the order of a few tens of kilograms and below [11] —
orders of magnitude smaller and lighter than the typical 500-kg satellites used in communications or
weather monitoring. The motivation for developing miniaturized satellites is driven by the mission costs:
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bulky satellites are more expensive to launch than light satellites because they require more powerful
rockets that consume visibly more propellant. On the one hand, a standard satellite costs about USS
100 million and requires a dedicated rocket launch that costs about US$ 50 million. On the other hand,
miniaturized satellites can be made at a tiny fraction of the cost of a standard satellite, and groups of
miniaturized satellites can share a standard rocket, similar to the way tens to hundreds of passengers
share a commercial airplane to arrive at their destination while paying a small fraction of the operation
costs. In addition, miniaturized spacecraft are also compatible with mass production, which would
further reduce mission costs and result in tighter specs, igniting a space revolution with many
commercial applications.

Spacecraft miniaturization will also make possible missions that cannot be accomplished by a
standard satellite. For example, a constellation of miniaturized spacecraft can be used to chart regions
of space [12], or as a phased antenna array for high-resolution radar observation of objects of the
Earth’s surface [13]; in addition, a miniaturized satellite can be used to inspect and repair in-orbit larger
satellites at a fraction of the cost that a standard repair mission would entail. The use of spacecraft
constellations will also benefit the missions by providing hardware redundancy, which results in
increased mission reliability. However, miniaturized spacecraft require radically new approaches at the
system level as well as the component level to develop spacecraft that are as capable as the macro
counterparts. In particular, scientific payloads compatible to miniaturized satellites need to be
developed. Miniaturized plasma sensors can be used to monitor the plasma sheath surrounding the
satellite, similarly to the sensorial skin concept that was discussed for macro-spacecraft such as manned
reentry capsules, or as a scientific instrument to locally characterize the Earth’s ionosphere [14]. The
use of microfabrication technologies allows the development of plasma sensors at low cost with tight
specs that are light and small, in resonance with the idea of low-cost/mass-production of spacecraft
hardware.

This thesis reports the development of a novel plasma diagnostics technology that is modular
and that can be used to both monitor the reentry of a spacecraft and serve as a scientific payload in a
miniaturized satellite. The technology utilizes planar arrays of batch-fabricated micro Langmuir probes.
These sensing tiles can be surface-mounted to perform time-resolved measurements of the electron
temperature and number density of the reentry plasma sheath across the entire surface of the reentry
vehicle. Also, the miniaturized probes can provide plasma diagnostics of the miniaturized spacecraft
surroundings or be used as a scientific instrument to characterize the Earth’s ionosphere. The
technology is indeed applicable to characterizing plasmas not just in space, but in almost in any plasma
source. However, the focus of this thesis relies upon the particular case of demonstrating low-cost,
miniaturized plasma sensors for space applications to contribute to the paradigm shift in space
technology, where missions are visibly smaller, inexpensive, and high performance. The remainder of
this chapter consists of a review of reentry plasma diagnostics and Langmuir probes, highlighting the
necessary areas of improvement where the proposed miniaturized Langmuir probes could help enhance
the current state of the art. Accordingly, the objectives of this thesis were established, and have been
listed towards the end of this chapter. Finally, a thesis roadmap was presented to briefly introduce the
topics of the remaining chapters.

1.1 Reentry Plasma Diagnostics: Review of Experimental Investigations

Langmuir probes are relatively simple to construct and can be operated to measure the electron
temperature and number density of a plasma. The use of Langmuir probes for plasma diagnostics in
space began soon after World War I, when they were implemented on V-2 rockets. Over the years,
Langmuir probes have been used extensively on rockets, satellites, and reentry vehicles [15,16,17]. In
most cases, the Langmuir probes were mounted on fins, protruding symmetrically. Unfortunately, the
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fins were generally required to retract at an altitude of about 60 km because the severe heating that
occurs at lower altitude would result in non-symmetrical burn-up of the probes, and because of
aerodynamic instability concerns [6]. Therefore, while Langmuir probes have been useful for
characterizing the plasma in the early stages of reentry, they have not been used at the lower altitudes
where the most severe plasma conditions occur. Nonetheless, if the Langmuir probes were flush-
mounted to the spacecraft’s exterior, they would be more likely to survive reentry [6] and they would
not modify the flow field, leaving unaffected the heat transfer and aerodynamic properties of the
spacecraft. The downside of flush-mounted probes is that they would only determine the plasma
properties at the surface of the reentry vehicle. Estimates of the properties of the plasma sheath
further away from the spacecraft’s surface could be extrapolated, but it may not be possible to generate
these estimates with a high degree of accuracy. Consequently, non-invasive methods such as antenna
impedance measurements, spectroscopy, and microwave interferometry would need to be included

along with the flush-mounted Langmuir probes to obtain a more complete understanding of the reentry
plasma sheath.

The plasma data from the RAM-CII reentry vehicle is often considered the benchmark for other
reentry plasma experiments and simulations. The RAM-CIlI had eight Langmuir probes that were
mounted on an aerodynamic fin to measure the ion densities in the flow field to a distance of
approximately 0.07 m from the reentry vehicle [6]. The probe fin was retracted at an altitude of
approximately 55 km due to severe heating. The plasma temperature and number density computed
from the RAM-CII Langmuir probe data is presented in Figures 1.1 and 1.2.

Electron Density for RAM-CII Reentry Conditions
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Figure 1.1: The reentry electron number density, calculated from the RAM-CIl Langmuir probe data [18].
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Electron Temperature for RAM-CII Reentry Conditions
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Figure 1.2: The reentry electron temperature, calculated from the RAM-CII Langmuir probe data [18].

During the Mercury and Gemini missions, estimates of electron number density were made,
assuming a pure air plasma environment to compensate for the lack of experimental data from altitudes
below 60 km. Unfortunately, the results showed no correlation with signal attenuation measurements
that were recorded below 60 km. This result suggested that a pure-air plasma was not responsible for
the observed reentry signal attenuation at the lower altitudes. It was therefore necessary to consider
the possible influence of the ablation products of the heat shield. In general, many reentry vehicles are
constructed with a heat shield that is meant to partially ablate during reentry, and the ablation products
have been known to ionize easily. In this case, the heat flux to the surface of the reentry vehicle is
dissipated in ablating the surface while transmitting zero heat to the interior of the spacecraft; this
physical phenomenon is described by Crocco’s relationship [19]. Better estimates indicated that the
ionized ablation products have a significant impact on reentry communications, which was corroborated
by an experiment performed during the reentry of the Gemini GT-3 capsule. Water was injected into
the plasma flow field, which resulted in large decreases in electron temperature and number density,
and created a window at the antenna locations for RF transmissions [6].

During the apogee of the space race, atmospheric reentry plasmas were extensively studied
both in laboratories and around reentry vehicles. However, most of the laboratory work concentrated
on simulating thermal and chemical phenomena that occur on the reentry vehicle’s surface in order to
test heat shields [2]. Until recently, not much work had been done to simulate actual plasma
temperatures or densities encountered during atmospheric reentry. One example of simulating the
temperatures and densities of reentry was developed by K.M. Lemmer, et al [2]. A 150 mm diameter
helicon source at the University of Michigan Plasmadynamics and Electric Propulsion Laboratory (PEPL)
was setup to simulate atmospheric reentry plasma densities and temperatures in a laboratory setting.
They operated the helicon source with argon gas at a background pressure of 0.6 mTorr, and used a
commercial RF-compensated Langmuir probe to measure ion density and electron temperature in a
region downstream of the helicon source, where conditions created were similar to those found during
hypersonic flight within the atmosphere. Langmuir probe measurements were taken with and without
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the presence of a 450 mm wide by 550 mm long dielectric surface downstream in the horizontal plane,
in order to simulate a reentry vehicle surrounded by plasma. They found that the presence of a surface
downstream of the helicon source lowered the downstream plasma electron density range from 1.7 x
10" and 3.3 x 10" m™ down to 0.55 x 10" and 1.3 x 10" m™. In addition, the peak plasma potential
decreased from 65 to 55 V, while the electron temperature remained unchanged between 1.5 and 6.5
eV. Their results corroborate earlier numerical models that predicted that the shape of a reentry vehicle
can have a significant effect on the density of the surrounding plasma sheath, but not the temperature,
which is an important finding to understand how the reentry plasma would attenuate RF signals [1,20].

In general, the results obtained from reentry plasma diagnostics and simulations have been very
useful, but less than sufficient, because the problem of the communications blackout still persists, and
reentry vehicles have been damaged or destroyed due to aerodynamic instabilities and heat transfer
effects. Instruments for performing in-flight measurements of the reentry plasma parameters are still in
an elementary stage of development. Also, the performance of surface-mounted, microfabricated
sensors in reentry conditions has yet to be tested, and could provide a wealth of data spanning a large
area on the surface of a reentry vehicle. This is where it is believed that surface-mounted
microfabricated Langmuir probes can make a great contribution.

However, it is important to note that the utility of Langmuir probe technology is tremendous not
just in space, but on Earth as well. Plasmas underline the USS$ 250 billion semiconductor processing
industry, bolster the USS 2 trillion telecommunications industry, and are becoming ever more valuable
for lighting, medicine and consumer products [21]. Fortunately, Langmuir probes can be adapted to
measure almost any type of plasma. Hence, the discussion about applications to reentry plasma
diagnostics and miniaturized satellites merely scratches the surface of the potential utility of the
microfabricated Langmuir probes described in this thesis.

1.2 MEMS Langmuir Probes: Review of Experimental Investigations

To the best of the knowledge of this author, microelectromechanical systems (MEMS), i.e.
microfabricated devices, have not been applied to the problem of reentry plasma diagnostics. This is
clearly an unfulfilled opportunity because the implementation of MEMS Langmuir probes could offer
several advantages over other approaches. First, the small size of MEMS Langmuir probes implies that
they would be less likely to disturb the plasma, and that they would be able to resolve plasmas with very
small Debye Lengths. Second, MEMS Langmuir probes can be monolithically constructed in planar
arrays (tiles) that could be incorporated onto the exterior surface of a reentry vehicle, acting as a
sensorial skin; the monolithic nature of the probes eliminates the problems related with array
integration. Third, microfabrication technologies can yield low-cost mass-produced devices with very
tight specs; the fabrication of MEMS Langmuir probes follows a change in paradigm for the space
industry by making missions mainstream affordable. Low-cost missions can be achieved by mass-
producing space hardware and by miniaturizing the spacecraft whenever possible (for example in
satellites) to then share the takeoff of a standard rocket. MEMS technologies have been used to
develop proof-of-concept spacecraft components such as inertial guidance [22], scientific instruments
(X-rays spectrometer [23], back-up vacuum pumps [24]), actuators for height and angle control [25], and
thrusters for low-Isp [26] and high-Isp missions [27,28]. MEMS could certainly provide a solution for
miniaturized low-cost plasma diagnostics.

At present, the fabrication of MEMS Langmuir probes has been reported in two publications,
both by Pribyl et al from UCLA [29]. Linear arrays of probes were fabricated primarily using polyimide
and gold as structural materials. The probe tips ranged from 8 to 20 um wide by 2.5 um thick, and were
spaced between 20 and 52 um apart. The small signals generated by the probes necessitated the use of
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a local amplifier for each probe to assist data collection. The amplifiers, Texas Instruments THS4303,
provided a voltage gain of 10 V and a flat frequency response from approximately 5 MHz to 18 GHz. The
probes were tested in plasma at UCLA’s Large Plasma Device machine (LAPD). In LAPD, the plasma
electron Debye length varied from 20 to 200 um, hence the probes were smaller than the electron
Debye length and should not disturb the plasma. The probes successfully measured the plasma’s
electric field, but additional measurements, including electron temperature and number density, have
yet to be reported.

A clear disadvantage of the MEMS probes reported by Pribyl et al is that the probes were not
designed to operate in high temperature environments such as spacecraft reentry. For example, the
peak temperature experienced by the Space Shuttle Orbiter during reentry is approximately 1650 °C
[30]. However, polyimide has a glass transition temperature of 350 °C, and begins to physically degrade
at 620 °C. Gold has a melting temperature of approximately 1064 °C., but in a reentry scenario, by the
time the gold melts, the physical integrity of the probe would have been compromised as the insulating
polyimide material between the probes would have become conductive through carbonization. More
resilient materials such as tungsten and silicon carbide should be used to fabricate probes compatible
with reentry conditions. These materials have melting temperatures of about 3422 °C and 2700 °C,
respectively, which are less than the 1650 °C peak temperature experience by the Space Shuttle Orbiter.

Another desirable improvement would involve the fabrication of MEMS probes in level, planar
arrays (like tiles), unlike the reported linear arrays that resembled cantilever beams. Planar arrays could
be flush-mounted to the exterior surface of a spacecraft, functioning as a sensorial skin to collect data
over a widespread area. This flat configuration would also help eliminate the aerodynamic disturbances
that protruding sensors may induce due to being incinerated by the high temperatures. In addition, a
linear array of probes has a higher surface to volume ratio that would make the probes visibly less
resistant to ablation.

1.3 Thesis Objectives and Methodology

The primary goal of this thesis was to design, develop, and test a planar array of batch-
fabricated MEMS Langmuir probes for operation in high-temperature conditions such as spacecraft
reentry, for which time resolved measurements of the electron temperature and number density could
be determined. The knowledge created in demonstrating MEMS Langmuir probes that can measure
reentry conditions can certainly be leveraged to implement a scientific payload for a miniaturized
spacecraft. The specific goals of this thesis are:

e Demonstrate MEMS Langmuir probe technology
o Establish design requirements for MEMS Langmuir probes
o Design and fabricate MEMS Langmuir probes

o Design and construct an experimental setup for testing the MEMS Langmuir probes in
plasma

o Establish procedures for testing, and related tasks
o Acquire test data from MEMS Langmuir probes operating in plasma
e Analyze the test results of the MEMS Langmuir probes, and conduct an error analysis

o Design, construct and test a macro Langmuir probe to benchmark the performance of the
MEMS probes

o Estimate the effect of errors and uncertainties on the MEMS probes results
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o Assess the correspondence between theoretical models and data including a quantitative
explanation of any discrepancies.

e  Propose recommendations for future work
o Describe additional applications for developed MEMS Langmuir probes

o Suggest methods to improve the current MEMS fabrication process and experimental setup

1.4 Chapter Summary and Thesis Roadmap

Despite many developments in the areas of reentry plasma modeling, simulation, and
diagnostics, many reentry vehicles are still affected by critical problems such as communications
blackouts, heat transfer effects, and aerodynamic instabilities. A literature review of reentry plasma
diagnostics revealed that the reentry plasma sheath could be better understood through the
implementation of surface-mounted Langmuir probes, having the ability to perform measurements in
many locations during harsh reentry conditions. Planar arrays of high-temperature resistant MEMS
Langmuir probes were proposed as a solution to perform plasma diagnostics during reentry. The planar
construction of the probes would allow them to be blended onto the outer surface of a reentry vehicle
in many locations, as a sensorial skin. This plasma sensor technology is compatible with low-cost mass-
production of hardware with tight specs, which corresponds with the new paradigm to make space
missions mainstream affordable. As an extension of this idea, miniaturized spacecraft could be
developed to visibly reduce the hardware costs and the lunch costs. The probes that were developed in
this thesis can be used in miniaturized spacecraft, either as a constitutive element of a sensorial skin for
reentry, similarly to the macro-spacecraft case, or as a scientific instrument to characterize the
spacecraft surroundings. Following this proposal, the objectives of this thesis were established. The
subsequent chapters in this thesis include the following topics:

e Chapter 2 introduces the theory of operation of Langmuir probes as single and triple probes.

e Chapter 3 concerns the selection of the design requirements of the MEMS Langmuir probes,
based on considerations such as reentry temperature analysis, reentry plasma Debye length,
and microfabrication constraints.

e Chapter 4 describes the fabrication of the MEMS Langmuir probes.

e Chapter 5 describes the apparatus we used in the characterization of the devices (including the
fabrication and validation of a macro Langmuir probe that was used to benchmark the MEMS
probes), presents and interprets MEMS Langmuir probes data as single probes and triple probes,
and provides guantitative explanations of the differences between models and data.

e Chapter 6 provides a summary and conclusion of the thesis work, in addition to
recommendations for future work.
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2 Langmuir Probes: Theory, Operation, and Experimental Facility

This chapter provides a general overview on Langmuir probe plasma diagnostics. The principles
and equations presented in this chapter allow an understanding of how to design and operate Langmuir
probes, as well as how to analyze and interpret the MEMS Langmuir probe data. In addition, this
chapter presents an overview of the experimental facility that was used to test the MEMS Langmuir
probes.

2.1 Plasma Diagnostics

Plasma is generally defined as a state of matter similar to a gas in which a portion of its
constituents is charged particles, typically due to heating. The presence of charge carriers, i.e. positive
ions and negative electrons, makes the plasma electrically conductive. Since the amount of positive ions
and negative electrons in plasma are roughly equal, the net charge density of a plasma is about zero.
Thus, the term “quasi-neutral” is often used to describe the charge neutrality of plasma. Plasmas tend
to shield quasi-static to time-varying electric fields with frequencies up to the plasma frequency; the
plasma frequency is related to the characteristic response time of the plasma to the external fields. The
plasma frequency @, is given by [31]

2.1

where n. is the electron density, e is the electron’s charge, g is the permittivity of free-space, and m, is
the mass of an electron. Shielding of an external electric field occurs across a characteristic distance
called Debye length 4,, defined as [31]

nee?

p=

where T, is the electron temperature, n, is the electron density, k is Boltzmann’s constant, e is the
electron’s charge, and & is the permittivity of free-space. The Debye length characterizes the size of the
primary sheath region surrounding an object inserted into a plasma; inside the plasma sheath there is a
significant deviation from charge neutrality compared to the bulk of the plasma. For example, if a
Langmuir probe is biased negatively, the plasma sheath will attract positive ions so that the density of
the ions in the sheath is greater than the ion density in the bulk plasma. A schematic of the potential of
the sheath region surrounding a negatively biased Langmuir probe is shown in Figure 2.1. Also, Figure
2.2 displays the Debye length of various plasmas over a range of different temperatures and densities.
For Debye lengths smaller than about 10* m (100 pm), the construction of sub-Debye sized Langmuir
probes with tight specs would be facilitated if microfabrication techniques were used.
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Figure 2.1: Schematic of the electric potential versus distance from the surface of a negatively biased Langmuir probe. The
bias voltage is V,, the plasma potential is approximately V,, and the sheath thickness is x, [31].
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Figure 2.2: Characteristic Debye lengths of various plasmas versus plasma electron temperature and number density [21].

The simplest approach to measure the electron temperature and number density of a plasma
involves the use of invasive diagnostics, that is, the insertion of a sensor directly into the plasma such as
in the case of a Langmuir probe. Langmuir probes are the simplest plasma diagnostic instruments in
existence [31] and they are named after the Nobel Prize winning physicist Irving Langmuir, whom
extensively used these probes in his research. Langmuir probes can be used to estimate plasma
parameters such as the electron temperature, the number density, and the floating potential.

A Langmuir probe consists of one or more electrodes inserted into plasma, with a constant or
time-varying electric potential between the various electrodes, or between an electrode and the
surrounding plasma vessel. Each electrode has an insulating jacket so that only the tip of the electrode
interacts with the plasma. The basic setup of a single Langmuir probe is shown in Figure 2.3. Due to the
applied electric potential, Langmuir probes attract or repel ions and electrons, producing a net electric
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current that can be measured. For a single Langmuir probe, the data is typically presented as |-V
characteristics; using known physical relationships from a model that assumes certain properties of the
plasma, the I-V characteristics can be analyzed to determine plasma parameters.

_ Plasma Chamber

Ve | R :.' Viias | Probe Tip

Figure 2.3: Typical schematic of a single Langmuir probe experimental setup. The bias voltage to the probe is supplied by
Viias and probe current is measured as a voltage across the resistor R by V; [32].

Langmuir probes are relatively simple to construct and operate; the difficulty in Langmuir probe
plasma diagnostics entails understanding how a probe locally perturbs the plasma, and how the local
plasma parameters are related to the unperturbed plasma far from the probe. The relationship
between the measured plasma parameters and the unperturbed plasma parameters is the subject of
several theories based on different sets of assumptions. Nonetheless, the general rule is that a probe is
less likely to perturb the plasma if it is smaller than the plasma Debye length [29]. In theory, it is
possible to insert an arbitrary number of sub-Debye length probes into plasma and not disturb it.
Moreover, small sub-Debye length probes could be used to maximize the number of measurement sites.
In this case, adjacent probes would need to be spaced several Debye lengths apart to avoid interference
between adjacent Langmuir probes.

The sampling speed and size of the Langmuir probes must be compatible with the phenomena
of interest. Regarding the probe size, it had been suggested to implement sub-Debye length Langmuir
probes to minimize plasma perturbations and maximize the localization of the measurements [21].
Regarding the sampling speed, the Langmuir probe circuitry needs to sweep the probe’s bias voltage at
a frequency above the plasma fluctuation frequency intended to be measured. Otherwise, the resulting
I-V characteristics would consist of the average current as a function of voltage, which could result in
systematic errors if the |-V characteristics were treated as real-time data [33].

However, in many circumstances it is not feasible, or practical, to construct sub-Debye length
Langmuir probes due to physical constraints. For example, miniaturized Langmuir probes have sensing
tips with larger surface-to-volume ratio than the macro probe counterparts; smaller Debye lengths are
usually related to higher number densities, resulting in higher erosion rates and probe reliability issues.
It is certainly possible to estimate plasma parameters from data taken using Langmuir probes that are
larger or smaller than the Debye length, but these estimates are based on theoretical models with
assumptions that require validation through data analysis, as different physical phenomena dominate in
the calculations of the plasma parameters, according to the size of the Langmuir probe and the Debye
length. Therefore, the same probe will show different operating regimes depending on the relationship
between the probe dimensions and the Debby length. If the size of the probe is much smaller than the
Debye length, the sheath will be “thick” relative to the probe and the current collection is describe by

25



the orbital motion limited regime (OML)". If the probe is much larger than the Debye-length, then the
sheath will be “thin” relative to the probe and one can assume that the plasma sheath can be modeled
as a 1D phenomenon. Furthermore, if the Debye length is much smaller than the mean free path of the
plasma, particles crossing the sheath will not undergo collisions (collisionless sheath regime). However,
if the mean free path is much smaller than the Debye length, the particles will undergo many collisions
as they cross the sheath (collisional sheath regime) [34]. The mean free path of a plasma /, is given by
(35]
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where n is the particle number density and s is the momentum transfer scattering cross section for the
particles. A schematic plot of the Langmuir probe operating regimes is presented in Figure 2.4.
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Figure 2.4: Langmuir probe operating regimes in terms of probe diameter r,, mean free path /, and Debye length A, for
cylindrical probes [34].

2.2 Single Langmuir Probe Theory: Thin-Sheath, Collisionless Plasma

The MEMS multiplexed Langmuir probe technology that was developed in this thesis was tested
in a thin-sheath collisionless plasma because the characteristic length of the Langmuir probes that were
microfabricated was visibly larger than the Debye length of the plasma (about 4 — 90 um), which was
visibly smaller than the mean free-path of the plasma (5 — 10 m for electrons, and 3 m for ions) [36].
The I-V characteristics of a Langmuir probe operated in a thin-sheath collisionless plasma have three
distinct regions (Figure 2.5). Region | is dominated by the ion current as the probe is biased at negative
voltages (in the figure, a positive current is electron current); in Region Il the collected current is mainly
composed of electrons, corresponding to biasing the probe at positive voltages; Region Il is a transition

' The name of the regime reflects the similarity in the description of the dynamics of the charged particles under
the influence of electrostatic forces and the dynamics of mass particles under the influence of gravitational forces.
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region where the net current is a combination of ion and electron currents and it contains critical
information about the plasma parameters.

In Region I, the floating potential V; corresponds to the voltage at which the net current
through the Langmuir probe is zero (i.e., the V-axis intercept of the |-V characteristics); when the bias
voltage of the Langmuir probe is equal to the plasma potential V,, there is neither a retarding nor an
accelerating field acting on the ions or electrons in the vicinity of the probe. Therefore, the current
collected by the probe is related to its surface area (if the shape of the sensing area is convex) and the
random flux of particles incident on the probe. If we assume that both the electron and ion densities
are equal (quasi-neutrality), and that both electrons and ion energies are Maxwellian, then the total
current is the sum of the electron current and the ion current (equation 2.4), where the electron current
l. may be calculated using equation 2.5, and the ion current /; may be calculated using equation 2.6 [34]

I=1,—I 2.4
[ - lA (8kTe)1/2 2.5
e =3¢ mm,
1 8KkT;\ /2 2.6
li =7 4pme (nmi)

where the surface area of the probe is A, the plasma density is n, Boltzmann’s constant is k, the
electron’s mass is m,, the ion’s mass is m;, the electron temperature is T,, and the ion temperature is T..

Region Il

Region |

A

\J

Figure 2.5: Schematic I-V characteristics of a single Langmuir probe in the thin-sheath collisionless operating regime. The I-V
characteristics have three distinct regions: Region I is dominated by ion current, Region Ill is dominated by electron current,
and Region Il is a transition region where the net current is a combination of ion and electron current. V;is the floating
potential, and V, is the plasma potential [34].

The plasma is biased at a certain plasma potential V,. Since m>>m, and usually T.>>T,, there is a
significant imbalance in electron flux to the probe when the bias is equal to V,, resulting in a net positive
current. In general, V; and V, are unrelated; the relationship between V;and V,, as indicated in Figure

27



2.5, is that V;is negative with respect to V, such that a probe biased at V; sets an electric field that repels
electrons and attracts ions to achieve zero net current. Assuming that the electron energy distribution
function is Maxwellian, the electron current in Region Il may be determined by [34]

L= 1A (SkTe)l/2 (—eV¢> 2.7
e =3¢ m, exp kT,

where V,=V,-V is the retarding potential, V is the probe bias voltage, and V, is the plasma potential. This
equation assumes that the ion current is small compared to the electron current for V>V;. It should be
apparent from Region Il that a plot of /. vs. V; would provide a direct measurement of the electron
temperature, T,. Accordingly, finding a proper curve fit in Region Il is particularly important for the
calculation of T.. Proper mapping of Region Il is crucial as it contains very valuable information about the
plasma properties; otherwise, curve fitting can be a very tedious procedure, and dubious at best for
unreliable or sparse data.

Region | corresponds to net collected currents mostly composed of positive ions. As Figure 2.5
suggests, Region | is an ion saturation region. In Region | the probe has a relatively large negative bias
such that most electrons are repelled and the random ion current incident on the sheath edge
constitutes the ion saturation current. Therefore, equation 2.6 provides a good estimate of the
collected current in Region I. However, this would not be entirely accurate because the sheath edge in
the ion saturation region cannot be considered finite unless the ions enter with a finite initial velocity v,
given by the Bohm criterion [34]:

<mi1702)1/2 1 2.8

In other words, equation 2.8 states that for the common circumstance where T.>>T,, the ions must enter
the sheath with an energy of kT.. The ions are accelerated through a “pre-sheath” to acquire this energy.
Therefore, a better estimate of the ion saturation current in Region | is given by [34]

1 KT\ /2 2.9
I; = exp (_E) Apne (—)

m;

In Region Il (V>V,) there is a space-charge field that accelerates the electrons towards the probe
and repels ions. In this region it can be assumed that the contribution due to ion current is negligible.
Also, increasing V would likely not have a significant effect on the electron current because the electron
current is limited by the random flux entering the accelerating field of the probe. For this reason,
Region Il essentially represents an area of electron saturation current. However, the electron current
cannot be determined using equation 2.5. Since V is not equal to V, in Region lll, there is a region of
charge imbalance, or sheath, in which an electric field is present surrounding the probe. For cylindrical
and spherical probes, variations in V would vary the capture area of the probe, which is defined by the
outer dimension of the sheath upon which random electron flux is incident. Therefore, in Region Il A, is
a function of V. In practice, Region Ill currents are visibly larger than Region | or Region Il currents and
therefore, experimental techniques focus on measuring the Region | and Il parts of the I-V
characteristics to infer the plasma properties from the data.

The equations provided in this section were based on the specific assumptions of the thin-
sheath, collisionless operating regime. Thus, when analyzing data, one must be sure that the
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experimental conditions match the assumptions of the appropriate theory to be applied. In other words,
Langmuir probes can operate in many different regimes, as discussed in Section 2.1, and different
methods of analyzing the |-V characteristics exist for different operating regimes. It was beyond the
scope of this thesis to introduce data analysis methods for all Langmuir probe operating regimes.

2.3 Experimental Facility

The characterization of the MEMS Langmuir probes was conducted in a plasma environment
similar to reentry conditions because this environment constitutes an upper bound for the technology.
As discussed in Chapter 1, the electron number density of the reentry plasma sheath depends on
altitude and ranges from 10" to 10" m™, while the electron temperature ranges from about 0.1 to 1.0
eV. This corresponds to an electron Debye length of approximately 3 um to 300 pm. We used a
tokamak to generate the plasma we utilized in the characterization of the probes. A tokamak is a device
in the shape of a torus that uses magnetic confinement to contain plasma (Figure 2.6). Magnetic field
lines that move around the torus in a helical shape are required to achieve a stable plasma equilibrium.
The helical field is generated by the addition of a toroidal field (traveling around the torus in circles) and
a poloidal field (traveling in circles orthogonal to the toroidal field). In a tokamak, the toroidal field is
generated by electromagnets surrounding the torus, and the poloidal field is the result of a toroidal
electric current that flows inside the plasma. This toroidal electric current is induced inside the plasma
with a second set of electromagnets [37].
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Figure 2.6: The anatomy of a tokamak, illustrating the magnetic confinement of plasma within a vacuum vessel.

We used the Versatile Toroidal Facility (VTF) at MIT, shown in Figure 2.7, to characterize our
probes. VTF is a tokamak that contains argon plasma to simulate ionospheric conditions, which has a
similar electron number density and Debye length compared to the reentry plasma sheath. In VTF, the
electron number density is on the order of 10" — 10'® m~, the electron temperature is approximately 2 -
15 eV, and the electron Debye length is approximately 4 — 90 um [36,38,39,40,41]. At VTF, plasma was
generated in 2 — 20 ms “shots” by 15 kW of microwave power that initiated the breakdown of particles
by electron cyclotron resonant heating. The base pressure due to the azimuthally symmetric vacuum
chamber was approximately 10° Torr, and the intensity of the toroidal magnetic field was approximately
100 mT.
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Figure 2.7: (A) The Versatile Toroidal Facility (VTF) at MIT has an outer diameter of 3.5 m. (B) The author is pictured beside
VTF to provide a sense of scale.

2.3.1 Single Langmuir Probe Experimental Investigations

A conventional Langmuir probe was constructed to gain an understanding of how Langmuir
probes work and to assess the stability of the plasma in the tokamak at VTF®. The tip of the Langmuir
probe consisted of a 1 cm-long 1 mm-diameter stainless steel hypodermic needle. The needle was
soldered to a 28 AWG Teflon-insulated copper wire encased within an alumina tube for protection
against the plasma. The copper wire was soldered to an electrical connector to allow the probe to be
biased at a certain voltage. The alumina tube was fastened within a stainless steel vacuum feed-through,
which attached to the electrical connector and outer wall of the plasma chamber. Torr-Seal adhesive
was used to seal the area below the probe tip to ensure plasma would not leak between the interface of
the probe tip and alumina tubing. Photographs of the Langmuir probe are included in Figure 2.8 and
Figure 2.9 shows the interior of the tokamak with the probe installed during operation.

? Purchasing a single Langmuir probe could have resulted in a cost of $24,240 (Hiden Corporation ESPion Langmuir
probe and data processing software package).
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Figure 2.8: Photograph of the single Langmuir probe constructed in-house. The probe tip consisted of a 1 mm-diameter
stainless steel hypodermic needle soldered to a thin copper wire and fed through alumina and stainless steel housing.

Figure 2.9: An image of the Langmuir probe in plasma within VTF.

During the experiments the probe was biased at various constant voltages, from -90 V to 30 V,
using a power supply. The electrical circuit that was used to bias the probe and measure probe current
is shown in Figure 2.10.
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Figure 2.10: Circuitry to acquire digitized voltage across R, from the single Langmuir probe operating in plasma at VTF. The
voltage across R, was converted into probe current using equation 2.10. The bias voltage V,;,; was supplied to the probe
using a power supply.

The circuit was developed by a former student at VTF for operating single Langmuir probes. The
circuit consisted of a voltage divider, from which the probe current could be calculated based upaon the
voltage across the resistor R,. The voltage across R, was measured and digitized at a frequency of 2 MHz
using GE’s ICS645B single-ended digitizers. The purpose of the voltage divider was mainly to keep the
input of the digitizer in the specified range of 1 V peak-to-peak. The probe current /0. was calculated
from the voltage Vyjgiizer across R, using

Vaigitizer 2.10
1, 1y
R, (E +R—2)

- +R
R1+(%+R—12) U

Iprobe =

where Rp=500 Q, R;=680 Q, R,=15k ), and R;=680 Q. R represents the impedance of the digitizer. A
sample of the raw data from the probe when biased at -90 V (ion saturation regime) is shown in Figure
2.11. This experimental result demonstrates that the plasma varied significantly during the 20 ms pulse.
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Figure 2.11: Voltage across R, vs. time during one of the 20 ms plasma shots. The single Langmuir probe was biased at -90 V.
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Figure 2.12 shows the |-V characteristics of the Langmuir probe constructed from a series of
measurements taken at various bias voltages from -90 V to 30 V. It would have been ideal to acquire
measurements in 5 V steps, from -90 V to 30 V. Unfortunately, due to a time constraint at VTF, data was
only acquired in 5 V steps between 0 V and 30 V, and additional measurements at -90 V were acquired.
Hence, much of the ion saturation region is missing from the plot.

Single Langmuir Probe |-V Characteristics
0.04
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0.02

0.01

Probe Current (A)

-0.01

-0.02

-100 -80 -60 -40 -20 0 20 40
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Figure 2.12: The |-V characteristics of a single Langmuir probe operated in argon plasma at VTF. The electron current is
shown as positive current. At least 5 current measurements were taken at each applied voltage. The average ion saturation
current is approximately -0.012 Amps, shown at a value of -90 V.

The procedure for calculating the electron temperature T, from the |-V characteristics generally
involves rearranging the data in the transition region (Region Il) to a semi-log plot of electron current /.
versus V,. This follows from equation 2.7, where the slope of In(l.) versus V, is equal to e/kT. (or 1/T, for
units of T, in eV). Since V,=V,-V, the plasma potential is required to complete the calculation. Shown in
Figure 2.12, V,=12.81 V. In order to extract /. from the transition region (since the current in the
transition region is composed of both ion and electron currents), typically a line is drawn through the ion
saturation data points and extrapolated into the transition region, so that the calculation /.=/-/;can be
carried out. Again, there were not enough data points in the ion saturation region to extrapolate /; into
the transition region, therefore the T, calculation was performed using just [/ instead. This is a
reasonable approximation because in the transition region, typically l.>>/; [31]. The slope of the line of
In(l) versus V, was determined using a linear fit by spreadsheet software, and the calculation of
slope=1/T, resulted in T,=7.435 eV. This temperature falls within the expected range of 2 — 15 eV.

Equation 2.9 was utilized to calculate the electron number density n., which requires /suration and
T. as inputs. For T,=7.435 eV and /snuration=0.0123 A, n, was found to be 2.70x10"® m™, which falls within
the anticipated order of magnitude of 10" - 10"* m™.
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Overall, extracting the electron temperature and number density from the |-V characteristics of
a single Langmuir probe could be cumbersome due to the curve fitting procedure in the transition
region, which requires many data points to achieve good accuracy. Generally, the bias voltage of a
single Langmuir probes is swept, covering the range of voltages from the ion saturation region to the
transition region. Hence, a major disadvantage of the single Langmuir probe method is that they are
limited by the sampling speed of the voltage sweeping. Real-time measurements can be performed
with a single Langmuir probe at the expense of complexity and analysis bandwidth because data fitting
would be required for every voltage sweep. Considering that there could be thousands of MEMS
Langmuir probes attached to a reentry vehicle, implementation and data analysis in real-time could be
very challenging. Additionally, Langmuir probes having an applied AC signal, a pulse, or swept DC bias
behave as antennas, potentially inducing fluctuations and instabilities in a plasma, which can cause
significant perturbations and distorted data. Fortunately, sets of three Langmuir probes can be used to
perform real-time measurements in a much simpler manner compared to single Langmuir probes with a
dynamic sweep.

2.4 Triple Langmuir Probe Theory

Triple Langmuir probe theory was proposed by Chen and Sekiguchi in 1965 for use in
collisionless, Maxwellian, non-magnetized plasma [33]. A major advantage of triple Langmuir probes
over single Langmuir probes is that the former are capable of performing time-resolved measurements
to the limit imposed by the intrinsic time response of the probe itself. Unlike a single Langmuir probe, a
triple Langmuir probe does not require a voltage sweep. The probe consists of three identical single
Langmuir probes at different static potentials, simplifying the experimental setup and eliminating the
curve-fitting post-data analysis required to extract the plasma parameters in single Langmuir probes.
Besides the simpler data processing, probe multiplexing is natural in the MEMS implementation since
the probes are batch-fabricated as monolithic arrays with very similar specifications; the single probes
can then be grouped and operated as triple Langmuir probes.

There are two possible approaches to operate a triple Langmuir probe, i.e., current-mode or
voltage-mode. Current-mode operation was proposed first and it was followed by voltage-mode
operation, which is a simplification of the current-mode approach. We will describe each technique in
the following text while pointing out their pros and cons.

2.4.1 Current-Mode Operation

The configuration of the three probes P4, P,, and P; for operation in current-mode is shown in
Figure 2.13. P; and P, are biased with respect to each other at the voltage V,,, and P; and P; are biased
with respect to each other at the voltage V, ;. In general, the probes should be placed close to each
other in the plasma to ensure localization of the measurements, but not so close that the thickness of
the ion sheath is larger than the separation between the probes, causing interaction effects among the
probes. About three Debye lengths of separation between probes are needed to achieve this criterion.
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Figure 2.13: Triple Langmuir probe configuration in current-mode operation [33].

If the two probe voltages V4; and V3 are zero, the potential of each probe would automatically
be fixed at its floating potential and no net current would flow into each probe. Alternatively, if two
negative voltages Vy, and Vy; were applied to probes P, and P; with reference to P;, then the potentials
of P, and P; would become lower than the floating potential, and the currents flowing into P, and P;
would be mostly ion current. Conversely, the potential of P; would be higher than the floating potential
so that the current flowing into it would be mostly electron current.

Using current-mode to operate triple Langmuir probes, the electron temperature and number
density can be calculated using measurements of /5, /;, and /; when the bias voltages V,; and V,; are
supplied between the probes. In the experimental setup, V4, and V3 must be floating, hence batteries
or floating power supplies are required. Chen and Sekiguchi performed an experiment to determine
how to select the voltages of V,; and V3. While keeping Vy; constant at 2 V and varying V3, they
discovered that as Vy; became small and approached V,,, the error in the calculation of the electron
temperature became more pronounced; the electron temperature calculated from the measurements
of the triple probe was compared to the results of a calibrated single probe. However, when V,; was at
least approximately 10 V, the error in the electron temperature was only minor, about 10%, compared
to that of a single probe. In general, for plasma temperatures lower than 30 eV, Chen and Sekiguchi
recommended using a low value for V,;, around 2 V, and a value of at least 10 V for Vy; to avoid large
errors in the calculation of electron temperature. According to Chen and Sekiguchi, the significant error
that occurs for lower values of Vy; appears to be caused mainly by a residual difference in space
potential among the three probes that is not negligible for low values of V;; it does not appear to be
caused by a variation in ion saturation current [33].

Assuming that the geometry of each probe is identical, and the directions of the probe currents
l;, 15, and I5 are taken as shown in Figure 2.13, the relationship between the probe currents is

[1 = ]2 + [3 2.11

In order to derive the plasma electron temperature and number density, Chen and Sekiguchi first made
the following assumptions:

35



a. The electron energy distribution in the plasma is Maxwellian.

b. The mean free path of the electrons is much larger than both the thickness of the ion sheath
around each probe and the probe radius.

¢. The thickness of the ion sheath is smaller than the separation between probes, so that
interaction effects among the probes are negligible.

d. The ion saturation current is constant with respect to increasing the negative probe potential.

From these assumptions, equations 2.12 — 2.14 were formulated to solve for the plasma electron
temperature and number density, where J; is the ion saturation current density, and n. is the electron
number density [33):

- __€ 2.1
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2.14

2.4.2 Voltage-Mode Operation

Voltage-mode operation is similar to current-mode operation, except that one of the probes is
always forced to be at the floating potential by the removal of the external voltage source V,;, as shown
in Figure 2.14. Therefore, with V,; fixed, the electron temperature and number density can be
calculated using the voltage-mode theory through the measurements of / and V,,. The measurement of
V42 should be taken with a high impedance (> 1 MQ,) to have essentially zero current between P, and P,
[33]. In voltage-mode |,=0 and thus |;=I3=I. Therefore, equation 2.12 reduces to equation 2.15 for the
electron temperature, and the number density is given by equation 2.16 [33]:
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Figure 2.14: Triple Langmuir probe configuration in voltage-mode operation [33].

Similar to current-mode, the value of V,3 should be at least 10 V to avoid errors associated with
the electron temperature [33]. Also, because Vy; in equation 2.15 is a fixed voltage from an external
source, it is possible to calculate the electron temperature solely based on the measurement of V,,. This
is a major advantage of the voltage-mode method. However, to ensure a good measurement of V,,, the
instrumentation must have high input impedance. If high input impedance measurements are not
possible, the current-mode operational scheme would likely yield more accurate data for the calculation
of the electron temperature. A general disadvantage of the triple probe method is that information
about the plasma electron energy distribution function (EEDF) cannot be measured [33]). However,
acquiring information about the plasma EEDF is not related to the objectives of this thesis.

2.5 Chapter 2 Summary

This chapter provided the theoretical foundation of Langmuir probe plasma diagnostics. It was
shown how the |-V characteristics from a single Langmuir probe could be used to estimate the plasma
properties. It was also shown that real-time measurements could be conducted using triple Langmuir
probes, i.e., sets of three probes that work together while conducting the measurements. Two different
modes to collect data from triple Langmuir probes were described.
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3 MEMS Langmuir Probe Design

In this chapter the design of the multiplexed MEMS Langmuir probes developed in this thesis is
presented; the design takes into account thermal, structural, plasma, and microfabrication aspects of
the probes using a set of candidate fabrication materials. First, we conducted a heat transfer analysis
that uses as input spacecraft reentry heat flux data from the literature. Next, we assess the mechanical
performance of the candidate materials due to thermal mismatch. Then, we proposed the geometry of
the MEMS Langmuir probes based on the reentry plasma Debye length data found in the literature.
Finally, we surveyed the microfabrication technologies available at MIT's Microsystems Technology
Laboratories (MTL) to down-select a set of materials and processes to batch-fabricate the MEMS probes,
resulting in a design concept. The implementation of the design concept that resulted from this exercise
is documented in Chapter 4.

3.1 Heat Transfer Considerations

A very rough heat transfer analysis was proposed to estimate the peak temperature of the
MEMS Langmuir probes during reentry. The materials that were considered in this analysis were silicon
carbide, alumina, platinum, tungsten, nickel, Pyrex, gold, silicon oxide, and silicon nitride; we considered
these materials because of their high melting temperatures and because of their feasibility to be
processed using microfabrication techniques. This analysis included both dielectric and conductive
materials because Langmuir probes consist of an electrically conductive core surrounded by an
electrically insulating jacket. However, the analysis did not take into consideration the heat transfer
between the dielectric and conductive materials. Instead, the model addresses each material as a 1D
semi-infinite solid in contact with heat flux from the plasma sheath (Figure 3.1) to estimate whether the
material reaches its melting point during reentry.

MEMS Langmuir
Probes:
Cross Section

——X—

Figure 3.1: Diagram of transient heat flux into semi-infinite solid.

The heat transfer analysis did not take into account radiation; furthermore, it only took into
consideration the heat transfer into the semi-infinite solid due to conduction. The transient analysis of
the temperature on the free surface of a semi-infinite solid, given a constant heat flux, was calculated
using equation 3.1, where T is the final surface temperature, T; is the initial surface temperature, go/A is
the heat flux, @ is the thermal diffusivity, and zis time [42].

_ 2qpy/at/m . 3.1

4 kA 5
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The heat transfer analysis estimated the temperature on the external surface of the MEMS Langmuir
probes using as input the Space Shuttle reentry heat flux data that we found in the literature [43]. For
simplicity, we assumed that the heat flux was constant throughout reentry; in reality, the heat flux
varies considerably with respect to velocity and altitude. In the first set of simulations we used the peak
heat flux of the Space Shuttle’s wing leading edge to estimate an upper bound of the temperature that
the probes will reach during reentry; in the second set of simulations we used the average heat flux of
the Space Shuttle’s windward side to estimate the temperature that a cooler region of the spacecraft
(i.e., away from the leading edge) would experience. The Space Shuttle experimental heat flux data
utilized in the simulations was measured by radiometers on the S$TS-2 and ST5-3 missions, and
accounted for all modes of heat transfer [43]. From the data, the constant peak heat flux is 9.09x10°
W/m? and the average heat flux is 7.95x10* W/m’. In the heat transfer analysis the initial pre-reentry
surface temperature was set at 394 K based on NASA’s temperature measurements of orbiting objects
in direct sunlight [44]. For simplification, we assumed that the thermal conductivity and diffusivity of
the materials were constant. The thermophysical constants of the different materials included in the
heat transfer analysis are provided in Table 3.1. We calculated the final temperatures after 27 minutes
of reentry, which is a typical reentry time in Space Shuttle missions.

As shown in Figure 3.2.A, the results of the heat transfer simulations based on the leading edge
peak heat flux, the only materials that would not melt are silicon carbide, alumina, and tungsten. As
shown in Figure 3.2.B, the results of the heat transfer simulations predict that under the conditions of
average windward heat flux, the only materials that melt are Pyrex and silicon oxide. This result for
Pyrex was expected because it has the lowest melting temperature and lowest thermal conductivity of
all the candidate materials considered; it is also not surprising that silicon oxide melts because it has the
second lowest thermal conductivity and third lowest thermal diffusivity compared to the other
candidate materials. Table 3.2 indicates the lifespan (time before melting) of the materials in both cases.

Table 3.1: Thermophysical Constants Utilized in Heat Transfer Model

Material Thermal Conductivity | Thermal Diffusivity | Melting Temperature
(W/mK) (m*/sec) (K)

Electrical

Conductors

Silicon Carbide 120.0 1.60 x 10~ 3003

Platinum 71.6 2.57 x 107 2041

Tungsten 173.0 6.91x 10”7 3695

Gold 318.0 1.27 x 10™ 1337

Nickel 90.9 1.89 x 107 1728

Electrical

Insulators

Silicon Nitride 30.0 7.00x 10° 2173

Silicon Oxide 1.4 7.04 x 10”7 1873

Pyrex 1.4 6.65x 10° 1093

Alumina 35.0 2.50x10° 2345
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Figure 3.2: Results from the reentry heat transfer analysis: (A) Surface temperature vs. time due to constant peak reentry
heat flux measured on the leading edge of the Space Shuttle’s wing; (B) Surface temperature vs. time due to average
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Table 3.2: Time before Melting during Reentry
Material Lifespan — Peak Heat | Lifetime — Average
Flux (minutes) Heat Flux (minutes)

Platinum 8.67 n/a
Nickel 12.33 n/a
Pyrex 0.17 0.33
Gold 11.17 n/a
Silicon Oxide 0.17 12.25
Silicon Nitride 6.5 n/a

It is important to point out that the heat transfer analysis is very rough and conservative. For
example, the Space Shuttle experiences peak heat flux during reentry for only about 5 minutes [45].
Therefore, the materials that are predicted to melt due to the peak heat flux conditions would probably
survive, with the exception of Pyrex and silicon oxide. Also, the model does not take into account
radiation heat transfer; radiation will certainly occur during reentry and it will help to cool down the
probes. In addition, a cooling system can be implemented under the plasma diagnostics sensorial skin
to prevent melting of the probes. The amount of constant heat flux that each material can withstand
during a 27-minute reentry without melting (i.e., the heat flux tolerance) was calculated to estimate the
requirements of a cooling system. The amount of cooling required was estimated by subtracting the
heat flux tolerance from peak and average reentry heat fluxes. In each case, only the materials that
melted before 27 minutes were analyzed. The results are presented in Table 3.3. The reentry heat
transfer results presented in Figure 3.2 are reworked in Figure 3.3 to account for the heat flux tolerances
and cooling systems of the materials that are predicted to melt due to the peak and/or average reentry
heat fluxes. For example, Table 3.3 indicates that Pyrex can withstand a heat flux of 6.60x10° W/m”’
without melting during reentry; hence this heat flux was used in equation 3.1 for the model shown in
Figure 3.3 to account for the cooling system that Pyrex would have to prevent it from melting.
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Table 3.3: Reentry Heat Flux Tolerance and Cooling System Requirements
Material Heat Flux Tolerance | Cooling Required Cooling Required
before Melting during Peak Heat during Average Heat
(W/m?) Flux (W/m?) Flux (W/m?)
Electrical
Conductors
Silicon Carbide 1.74x10° : n/a n/a
Platinum 5.10x10° 3.99x10° n/a
Tungsten 1.52x10° n/a n/a
Gold 5.90x10° 3.19x10° n/a
Nickel 6.20x10° 2.89x10° n/a
Electrical :
Insulators
Silicon Nitride 4.40%10° 4.69x10° n/a
Silicon Oxide 5.40x10" 8.55x10° 2.55x10"
Pyrex 6.60x10° 9.02x10° 7.29x10*
Alumina 9.5x10° n/a n/a
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Figure 3.3: Results from the reentry heat transfer model, where a cooling system was implemented to prevent materials
from melting: (A) Surface temperature vs. time due to constant peak reentry heat flux measured on the leading edge of the
Space Shuttle’s wing; (B) Surface temperature vs. time due to average constant heat flux on the windward side of the Space
Shuttle.

Overall, the heat transfer model in Figure 3.3, which accounts for a cooling system beneath the sensorial
skin, indicates that any of the candidate materials could be given further consideration for the
manufacture of MEMS Langmuir probes for reentry applications. Accordingly, the relatively high
temperatures that the model predicted for each material make the case for an analysis of the
mechanical behavior of the probes due to thermal expansion.
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3.2 Thermal Expansion Considerations

The construction of Langmuir probes entails the pairing of an electrically conductive core with a
surrounding electrically insulating jacket. Because different materials have different thermal expansion
rates, Langmuir probe materials should be paired together that experience similar changes in
dimensions throughout reentry. If the thermal expansion characteristics are not sufficiently similar,
structural failures such as delamination and cracking could occur [42]. A simple linear thermal
expansion model was utilized to determine which candidate MEMS Langmuir probe materials had
similar rates of thermal expansion during the reentry conditions that were modeled in Figure 3.3. The
thermal expansion per unit length of a material is equivalent to the thermal expansion coefficient
multiplied by the change in temperature relative to the baseline temperature [42]. The linear thermal
expansion coefficients utilized in this analysis are presented in Table 3.4.

Table 3.4: Coefficients of Thermal Expansion

Electrical Silicon Platinum | Tungsten | Gold Nickel
Conductors | Carbide

Coefficient | 4.4 8.8 4.5 14.2 13.4
(um/m)

Electrical Alumina | Silicon Pyrex Silicon
Insulators Nitride Oxide
Coefficient | 7.1 3.3 3.0 0.55

(1m/m)

We estimated the thermal strain vs. time of the candidate materials during reentry, according to
the surface temperatures shown in Figure 3.3. Figure 3.4.A shows the estimates for the peak reentry
heat flux case, and Figure 3.4.B shows the estimates for the average reentry heat flux case. It is
apparent from Figure 3.4 that none of the materials exhibit identical thermal expansion characteristics
during reentry. Under these conditions, the thermal mismatch caused by pairing an electrical insulator
with an electrical conductor would result in a net strain between the two materials, which could cause
structural failure if the strain is large enough. The net strains due to thermal mismatch between all of
the candidate electrical insulators and conductors are shown in Table 3.5. The net strains were
calculated using the maximum thermal expansion rates shown in Figures 3.4.A and 3.4.B, which
correspond to the worst-case scenario behavior of the materials. Also, Table 3.5 indicates whether the
net strain is tensile or compressive. Considering that in a Langmuir probe an electrical insulator jacket
surrounds a conductor core, it follows that the two materials are in tension when the thermal expansion
rate of the electrical insulator is greater than the thermal expansion rate of the conductor. Conversely,
the two materials are in compression when the thermal expansion rate of the electrical insulator is less
than the thermal expansion rate of the conductor.
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Figure 3.4: The linear expansion of MEMS Langmuir probe materials during the reentry conditions modeled in Figure 3.3.

To determine whether the thermal mismatch between two candidate materials would cause
structural failure, the net strains in Table 3.5 were compared to the tensile and compressive failure
strains of each material. This analysis assumes the worst-case scenario, where one of the materials is
perfectly rigid (the dielectric) and the other accommodates all of the strain. As an order of magnitude
approximation, the tensile failure strain was calculated as the ratio of the tensile strength to Young's
modulus. Likewise, the compressive failure strain was calculated as the ratio of compressive strength to
Young’s modulus. Table 3.6 summarizes the tensile strength, compressive strength, Young’s modulus,
and estimated tensile and compressive failure strains for each of the candidate materials. The
compressive strengths of the malleable materials (platinum, tungsten, gold, and nickel) are not reported
in Table 3.6. This is because malleable materials plastically deform under large compressive stresses
before fracture.

Table 3.5: Net Strain between Candidate MEMS Langmuir Probe Materials

Peak Reentry Heat Flux

Silicon Carbide | Platinum Tungsten Nickel Gold
Alumina (T)* 0.0025 (C) 0.0050 (T) 0.0013 (C) 0.0055 (C)0.0031
Silicon Nitride | (C)** 0.0004 (C) 0.0071 (C) 0.0008 (C) 0.0076 (C) 0.0052
Pyrex (C) 0.00010 (C) 0.0076 (C) 0.0013 (C) 0.0081 (C) 0.0057
Silicon Oxide (C) 0.0014 (C) 0.0089 (C) 0.0026 (C) 0.0044 (C)0.0070
Average Reentry Heat Flux

Silicon Carbide | Platinum Tungsten Nickel Gold
Alumina (T) 0.00067 (C) 0.0010 (T) 0.00042 (C) 0.0011 (C) 0.00060
Silicon Nitride | (T) 0.00047 (C) 0.0012 (T) 0.00022 (C) 0.0013 (C) 0.00080
Pyrex (T) 0.0016 (C) 0.0001 (T) 0.0013 (C) 0.0002 (T) 0.00030
Silicon Oxide (T) 0.00029 (C) 0.0014 (T) 0.000037 (C) 0.0015 (C) 0.00099

*(T) Tensile strain

**(C) Compressive strain
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Table 3.6: Tensile Strength, Compressive Strength, Young’s Modulus, and Failure Strain

Electrical Conductors Silicon Carbide | Platinum Tungsten | Gold Nickel
Tensile Strength (GPa) 0.250 0.240 0.550 0.120 0.195
Compressive Strength 3.900 N/A N/A N/A N/A
(GPa)
Young’s Modulus (GPa) | 450 168 400 79 200
Tensile Failure Strain 5.56x10™ 1.43x10° 1.38x10° | 1.59x10° | 9.75x10*
(m/m)
Compressive Failure 8.67x10° N/A N/A N/A N/A
Strain (m/m)
Electrical Insulators Alumina Silicon Nitride | Pyrex Silicon

Oxide
Tensile Strength (GPa) 0.300 0.434 0.062 0.049
Compressive Strength 2.10 2.76 2.00 1.10
(GPa)
Young’s Modulus (GPa) | 394 310 64 73
Tensile Failure Strain 7.61x10™ 1.40x107 9.69x10™ 6.71x10*
(m/m)
Compressive Failure 5.33x10° 8.90x10° 3.10x10° | 1.5x107
Strain (m/m)

The net strains in Table 3.5 were compared to the failure strains in Table 3.6 to estimate which
pairs of electrical insulators and conductors will structurally fail due to thermal mismatch during reentry.
In the cases where the net strain is compressive, only the failure conditions of the brittle materials
(silicon carbide, alumina, silicon nitride, Pyrex, silicon oxide) were evaluated. Table 3.7 identifies the
materials that experience structural failure due to thermal mismatch. The results indicate that during
the peak reentry heat flux case, all of the electrical insulators are compatible with any of the electrical
conductors, except for the case of alumina. Alumina structurally fails due to thermal mismatch when
paired with tungsten, nickel, or silicon carbide during the peak reentry heat flux. During the average
reentry heat flux, silicon carbide is not compatible with alumina, and Pyrex is not compatible with silicon
carbide or tungsten. Otherwise, all other pairs of materials will not structurally fail due to thermal
mismatch when subjected to the average reentry heat flux. Overall, there are many combinations of
electrical conductors and insulators that are compatible with each under the worst-case scenario
assumptions that this thermal mismatch analysis utilized.

Table 3.7: Structural Failure due to Thermal Mismatch from Peak Reentry Heat Flux

Peak Reentry Heat Flux

Silicon Carbide Platinum | Tungsten Nickel Gold
Alumina Both fail v Alumina fails | Alumina fails v
Silicon Nitride l v 4 o v
Pyrex v v v v v
Silicon Oxide e v v v W
Average Reentry Heat Flux

Silicon Carbide Platinum | Tungsten Nickel Gold
Alumina Silicon Carbide fails v v v v
Silicon Nitride ¥ v v v v
Pyrex Both fail v Pyrex fails il v
Silicon Oxide al v Y Y Y
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The reentry heat transfer and thermal expansion models presented in this thesis provide a
rough estimate of the behavior of nine materials often utilized to microfabricate devices for high-
temperature applications. The reentry heat transfer model shows that any of the candidate materials
are suitable for reentry applications as long as cooling is provided for materials that would otherwise
melt. The thermal mismatch analysis shows that out of the 20 possible combinations of electrical
conductor and insulator pairs, three of the pairs would fail due to thermal mismatch under the peak
reentry heat flux conditions, and three pairs would fail due to thermal mismatch under the average
reentry heat flux conditions. However, because the thermal mismatch analysis considers the worst-case
scenario thermal expansion conditions, the material pairs that appear to fail under the current
assumptions would need to be modeled more precisely in future work to obtain more conclusive results.
The thermal analysis can continue in future work to account for the actual geometry of the MEMS
Langmuir probes, and also consider radiation.

While Pyrex has the lowest melting temperature and thermal conductivity of all the candidate
materials considered, we speculate that it may be possible for properly cooled Pyrex probes to survive
reentry. Moreover, if analyses conducted in future work conclude that Pyrex is not a suitable choice for
reentry, leveraging the MEMS Langmuir probe technology to the other candidate materials should be
feasible since the batch-microfabrication process we developed is robust and allows different materials
to be interchanged. Finally, the MEMS Langmuir probe technology can provide diagnostics for other
applications such as tokamaks and nanosatellite scientific payloads. Probes made from Pyrex would
represent an advance in the state-of-the-art because the only reported MEMS Langmuir probes utilize
polymer insulators [21,26] that have a lower melting temperature compared to Pyrex.

3.3 Plasma Dynamics Considerations

The design of the MEMS Langmuir probes also considers the interaction of the Langmuir probe
with the reentry plasma. In Chapter 2 it was pointed out that the relationship between the dimensions
of the Langmuir probe and the Debye length strongly influence the performance of the probe and the
data analysis. In particular, a Langmuir probe would be less likely to perturb the plasma if its diameter is
smaller than the Debye length; also, the plasma sheath surrounding a Langmuir probe would interfere
with neighboring probes if the probes are spaced closer than 3 Debye lengths apart. Therefore,
literature was surveyed to assess the range of the reentry plasma Debye length, and the probes were
designed accordingly.

Three RAM-C reentry flight experiments, conducted by the NASA Langley Research Center
between 1967 and 1970, utilized Langmuir probes to take measurements of the reentry plasma in the
aft flow field of the vehicle. Each payload had a hemispherical nose having a radius of about 6 inches, a
90° half-angle conical body, and an overall length of about 51 inches [18]. A basic diagram of the RAM-C
reentry vehicle, with the Langmuir probe location indicated, is shown in Figure 3.5. One of these
experiments, i.e., RAM-CII, did not include an ablative heat shield. Therefore, the aft flow field of the
RAM-CII reentry vehicle was relatively free of ablation contaminants and the measured plasma could be
used to compare with “clean air” theoretical calculations [18]. In general, the measurements from RAM-
Cll have proven very valuable for determining the validity of numerical plasma models, and for
correlation with other in-flight diagnostic measurements. Accordingly, the RAM-CII data was also used
to determine the electron Debye lengths that the MEMS Langmuir probes would likely experience
during reentry. As plotted in Figure 3.6, the electron Debye length measured by the RAM-CII
experimental vehicle ranged from about 3.5-300 pm during reentry, corresponding to altitudes from 57
to 82 km. [18]. Therefore, a probe diameter of about 3 um or less and a probe-to-probe separation of
no less than about 900 pm apart, would meet the design requirements specified at the beginning of this

46



section. These dimensions will be contrasted with the capabilities of the microfabrication techniques
available for this project.
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Figure 3.5: RAM-C Experimental Reentry Vehicle with Langmuir Probes in Aft Flow Field [18].
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Figure 3.6: The electron Debye length calculated from the RAM-CIl Langmuir probe reentry data [18].
3.4 Batch-Microfabrication Considerations

The purpose of this thesis is to demonstrate low-cost, miniaturized plasma sensors for space
applications that contribute to the paradigm shift in space technology, where missions are visibly
smaller, inexpensive, and high performance. Batch-microfabrication is the method proposed in this
thesis to manufacture plasma probes that align with this thinking. This section documents the batch-
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microfabrication considerations that led to the design and manufacturing process of the MEMS
Langmuir probes. The design objective of the MEMS Langmuir probes is to construct flat, planar arrays
of probes that can be blended onto the outer surface of a reentry vehicle or miniaturized satellite as a
sensorial skin. This translated to the design concept of patterning arrays of through-holes in an
electrically insulating flat plate, and filling in each hole with an electrically conductive material to form
individual probes. The MEMS Langmuir probe design concept is pictured in Figure 3.7. The selection of
a batch microfabrication process for developing the MEMS Langmuir probes will begin with a discussion
about the options for patterning holes in the electrically insulating flat plate.

Figure 3.7: MEMS Langmuir probe design concept showing 9 holes in an electrically insulating flat plate that have been filled
in with an electrically conductive material. Each filled hole is an individual MEMS Langmuir probe.

Three different options were available through both MIT and industry vendors for patterning
through-holes (vias) in an electrically insulating flat plate (dielectric substrate). These options included
deep-reactive-ion-etching (DRIE), ultrasonic drilling, and laser drilling. A summary of the relevant
specifications of each option is provided, followed by an explanation of the down-selection process:

e DRIE is capable of producing holes in silicon wafers that have an aspect ratio of about 1:15.
Therefore, the smallest hole that could be produced in a typical 650 um-thick silicon wafer would
have a diameter of about 43 um if the etch is conducted from only one side of the wafer. Using
the Bosch process, the holes can have straight or tapered sidewalls, from 0° to 36° depending on
the process parameters [46]. Spacing the holes at least 900 um apart according to the Debye
length considerations is also achievable. However, because silicon is a semiconductor, a dielectric
coating would be required after DRIE to meet the requirements of a dielectric substrate.

e Ultrasonic drilling is capable of producing holes in dielectric substrates having diameters as small
as 100 um, and an aspect ratio of 1:5. Tapered sidewalls up to 30° can be drilled into glass
materials such as Pyrex and fused silica, while holes with straight sidewalls can be drilled into
other dielectric materials such as un-doped silicon carbide and alumina. The holes can be spaced
as close as 1.6 mm apart.

e Laserdrilling can in theory produce as small as 100 um-diameter tapered holes in dielectric wafers
with an aspect ratio of 1:5, similar to ultrasonic drilling. However, laser drilling such small holes at
MTL is not an established process so it might require substantial process development.

Drilling of dielectric substrates had lower risk compared to DRIE. While DRIE can produce the smallest
diameter holes of all the processes considered, the requisite dielectric coating poses a reliability
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concern. Coatings have a tendency to peel off silicon wafers, especially due to erosion or stress from
thermal cycling. If the dielectric coating peels off, the probes are no longer electrically insulated from
each other and they will not operate properly. Because the MEMS Langmuir probes would be
operated in plasma environments, thermal cycling and erosion is unavoidable. Also, the high vacuum
and particle and photon fluxes in low Earth orbit induce material sputtering [47], and in the case of the
Space Shuttle, the probes would be impinged by solid rocket fuel and sea salt at the launch site [43].
Ultrasonic drilling was the lowest risk approach because it was an established process for many
different dielectric materials, including the candidate materials considered in the reentry heat transfer
analysis. In addition, the process is inexpensive compared to laser machining because it is done in
parallel (i.e., all the holes of a substrate can be patterned at the same time), and provides the option
for vias with tapered sidewalls. Moreover, ultrasonic drilling produces cleaner holes compared to laser
drilling.

The considerations of the plasma Debye length led to a concept of 3 pm-diameter MEMS
Langmuir probes, separated by at least 900 um. The ultrasonic drilling process cannot achieve these
dimensions; 100 pum is the smallest diameter that can be drilled (for wafers that are thinner than 0.5
mm), and 1.6 mm is the smallest pitch. Nonetheless, MEMS Langmuir probes having these larger
dimensions are still viable because the plasma sheath would be defined by the spacecraft surface
instead of the probes. In other words, the plasma would not be perturbed by the larger MEMS
Langmuir probes because of their planar, flat construction, which would not protrude into the
spacecraft’s plasma sheath.

The ultrasonic drilling process can produce holes with straight or up to 30° tapered sidewalls.
Tapered sidewalls were selected because we speculated that this geometry would be easier to fill in
with an electrically conductive material without the formation of voids. This is because tapered
sidewalls provide a measure of horizontal surface area within the line of sight of a deposition along a
direction perpendicular to the substrate surface. The tapered ultrasonic drilling process is compatible
with glass materials such as Pyrex and fused silica. We opted for Pyrex because of its low cost, wide
availability, and relative ease to drill compared to fused silica. Even though Pyrex has the lowest melting
temperature of all the candidate materials and a cooling system would be required for reentry
applications, Pyrex will not melt in VTF's plasma environment due to the 20-ms duration of the plasma
shots. Hence, Pyrex was an appropriate material for constructing proof-of-concept MEMS Langmuir
probes that could be tested and validated in a laboratory plasma. In future work, more resilient
materials such as silicon nitride or alumina could be substituted for operation in harsher environments.

The final design choice is the selection of the electrically conductive material to fill in the vias in
the Pyrex substrate. The reentry temperature analysis considered the performance of tungsten, silicon
carbide, gold, and nickel, due to their high melting temperatures and our ability to deposit these
materials at MTL or other MIT labs. A summary of the considerations of each option is provided,
followed by an explanation of the down-selection process:

e Tungsten can be sputtered at MTL at a deposition rate of about 0.1 — 0.2 nm/second; therefore, to
fill the 100-um diameter holes, a layer of tungsten at least 50 um thick would be required,
resulting in a deposition time of about 139 hours —almost a week-long deposition. In addition,
from experience we know that thick sputtered tungsten films crack due to stresses. Therefore,
sputtered tungsten was ruled out as an option for the MEMS Langmuir probes.

e Silicon carbide (SiC) can be deposited at MTL using plasma enhanced chemical vapor deposition
(PECVD) at a rate of about 0.1 um/minute; therefore, a 50-um deposition would therefore require
about 8.3 hours. However, PECVD SiC poses several challenges. One concern is the electrical
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conductivity of the film; although electrically conductive PECVD SiC can be deposited under some
conditions [48], we were unable to replicate the results found in literature; our attempt to
develop conductive PECVD SiC has been documented in more detail in Chapter 4. In addition, we
found that the PECVD SiC films peeled off our wafers during the annealing process. In general, the
main difficulty associated with depositing thick films through thin-film techniques is the large
stresses they have, which tend to cause cracking and delamination of the fiim. Therefore, PECVD
SiC was also ruled out as a candidate material for the fabrication of MEMS Langmuir probes.
However, it would be relevant in future work to consider non-conductive SiC substrates as a
substitute for Pyrex in high temperature applications for MEMS Langmuir probes.

e Gold was a promising candidate for filling in the vias because it can be electroplated to thicknesses
of more than 125 um, which is sufficient to fill in the largest vias we had in our design. Also, gold
has excellent corrosion resistance, thermal conductivity, and electrical conductivity. The primary
advantage of gold was our access to a MEMS electroplating tool at MIT’s Lincoln Laboratory
(Lexington, MA), which has a tuned gold electroplating process that we could leverage for our
needs. The “lko” tool at Lincoln Laboratory electroplates gold onto a gold seed layer. Several
experiments were performed using the lko tool to develop a process for filling in vias having a gold
seed layer, which have been documented in Chapter 4. However, completely filled-in vias were
not produced as a result of these experiments because the plating rate in our experiments was
slow and the process readily consumed plating chemicals.

e Like gold, nickel was a promising choice because it can be electroplated easily to thicknesses of
more than 125 um, which is sufficient to fill in the largest vias we had in our design. Also, nickel
has excellent corrosion resistance and electrical conductivity, and has a higher melting
temperature compared to gold. Moreover, nickel is cheaper than gold, and it can be electroplated
using an autocatalytic (electroless) process, which produces a smoother surface texture compared
to electroplated gold. Like electroplated gold, electroless nickel requires a gold seed layer.
However, because our electroless nickel plating equipment was not designed specifically for
MEMS applications, it was unclear whether electroplated nickel could fill in vias as small as 100
um in diameter. Therefore, we first explored outsourcing the nickel plating process. After
discarding this possibility, we pursued electroless nickel in our own laboratory, and from
experimentation, presented in Chapter 4, we confirmed that electroless nickel plating can fill in
the vias. In addition, the deposition rate of electroless nickel was faster compared to
electroplated gold using the Iko tool.

Arrays of different sizes and diameters were fabricated to explore the MEMS Langmuir probe
technology. For example, denser arrays of smaller diameter probes would be more suitable for
measuring plasmas with smaller Debye lengths, such as tokamak plasma, ionospheric plasma, or the
reentry plasma sheath at lower altitudes. Conversely, larger diameter probes in less dense arrays would
be more suitable for measuring the reentry plasma sheath at higher altitudes, or for miniaturized
satellites to characterize the plasma environment in low Earth orbit [49]. The MEMS Langmuir probes
were designed in arrays containing 2 X2, 4X4, or 5X5 probes. The separations between the probes in
these arrays are 4, 2, and 1.6 mm, respectively (the maximum probe density would be 39 probes/cm2 if
the probes are arranged in square packing). The diameters of the probes are 100, 150, 200, or 250 um
with 30° tapered sidewalls, all produced by ultrasonic drilling into Pyrex wafers. The Pyrex wafers were
100 mm in diameter and they were divided into 1 cm-square dies, with each die containing a single
probe array, i.e., 60 arrays per wafer. A summary of the material and geometrical selections of the
MEMS Langmuir probes are presented in Table 3.8.
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Table 3.8: Material and Geometry Selections of the

MEMS Langmuir Probes

Material Selections

Planar Dielectric Substrate

100 mm Pyrex wafer

Metal Probe Material

Electroless nickel on
gold seed layer

Geometry

Array Size 2x2 (4 probes) 4x4 (16 probes) 5x5 (25 probes)
Via Diameter (im) 100, 150, 200, 250 100, 150, 200, 250 100, 150, 200
Taper 30° 30° 30°

Pitch (mm) 4 2 1.6

Arrays per Wafer 32 16 12

Maximum Density 4 25 39

(probes/cm?)

3.5 Chapter 3 Summary

In this chapter, the design specifications of the MEMS Langmuir probes were determined based
The proposed MEMS
Langmuir probes are composed of a Pyrex flat plate having ultrasonically drilled tapered vias filled in

on heat transfer, plasma, mechanical, and microfabrication considerations.

with electroless nickel.

Each nickel-filled via is an individually addressable Langmuir probe.

The

diameter of the probes range from 100 — 250 um, and are arranged in arrays of 2X2, 4X4, and 5X5
probes. The separations between probes in these array sizes are 4, 2, and 1.6 mm, respectively. The
fabrication steps of this MEMS Langmuir probe design concept are documented in Chapter 4, and the
driving electronics are documented in Chapter 5.

51




52



4 Fabrication of the MEMS Langmuir Probe Arrays

In this chapter the fabrication of the MEMS Langmuir probes is documented, including the
experimental investigations that led to the selection of the material and process for manufacturing the
conductive core of the probes. As specified in Chapter 3, the proposed design of the MEMS Langmuir
probes consists of metalized tapered vias embedded in a Pyrex planar substrate (Figure 4.1). Therefore,
the key fabrication challenges of the MEMS Langmuir probes are

(a) Patterning arrays of tapered vias in the Pyrex substrate using a batch-microfabrication process,
and

(b) Developing a batch-microfabrication process to fill in the vias with metal

The process to pattern arrays of tapered vias into Pyrex substrates was outsourced to the company
Bullen Ultrasonics (Eaton, OH). The company patterned the substrates using our layout and a
proprietary ultrasonic drilling process. Several electrically conductive materials were explored for filling
in the vias, including PECVD doped silicon carbide, electroless nickel, and electroplated gold. From
experiments we determined that plating electroless nickel was the most suitable process for making
filled-in vias. Section 4.1 describes the fabrication aspects of the Pyrex wafer; Section 4.2 focuses on the
experimental investigations that led to the selection of electroless nickel for filling in the vias; Section
4.3 presents the final microfabrication process and Section 4.4 summarizes the final microfabrication
results.

Pogo pin electrical
connectors

Figure 4.1: Schematic cross section of a Langmuir probe array in plasma with pogo pin electrical connectors on the opposite
side. The taper of the vias facilitates the deposition of the seed metal into the vias.

4.1 Pyrex Substrate Design and Processing

The fabrication process of the multiplexed MEMS Langmuir probes began with 100 mm-
diameter, 0.5 mm-thick Pyrex (Corning 7740) wafers patterned with various arrays of tapered vias; the
dies were 1 cm-wide squares and each die contained an array of 2 X2, 4X4, or 5X5 vias with 30° taper.
The diameter of the narrow side (i.e., plasma side) of the tapered vias ranged from 100 to 250 um. The
spacing between the vias in the 2X2, 4X4, and 5 X5 arrays were 4 mm, 2 mm and 1.6 mm, respectively.
Each Pyrex wafer had 60 dies in total. The dies were small enough to fit through the dedicated ports in

53



the VTF after being packaged for characterization. A summary of the different die configurations that
were included in the layout is shown in Table 3.8 (see Chapter 3). The fabrication of the MEMS probes
continued by sawing the Pyrex wafers into dies; we die-sawed the wafers to increase the number of
samples per wafer available to the filling-in experiments. In order to accurately diesaw the Pyrex wafers,
contact photolithography on an airbrushed photoresist film was conducted to define diesaw lines onto
the Pyrex wafer. The die-sawing process yielded 9.76 mm-square dies because the die-saw blade was
0.24 mm thick and the original die pitch was 10 mm. The layout of vias that were ultrasonically drilled
into the Pyrex wafer included features to make the alignment between the contact mask and the wafer
feasible. The wafers were coated with photoresist on both sides to protect the Pyrex from particle
contamination during the die-sawing process. A photo of the dies after sawing is shown in Figure 4.2.

Figure 4.2: Pyrex wafer after die-sawing. As reference, each die is a square, 1 cm-wide. The dies appear attached to each
other because the wafer was attached to an adhesive backing during the die-sawing process.

4.2 Via Metallization Process Development

The fabrication of the MEMS Langmuir probe arrays requires the deposition of thick films that
are electrically conductive and conformal; for example, films at least 50 um thick are required to fill in
the 100 um-diameter vias, and similarly, films at least 125 pum thick are required to fill in the 250 um-
diameter vias. Therefore, after surveying the microfabrication methods available at MTL, we decided to
explore electroplating methods to fill in the vias.

Electroplating requires a metal seed layer on top of the area to be electroplated. Typically,
sputtered or evaporated gold is chosen as a seed layer due to its high purity, low chemical reactivity, and
high electrical conductivity; in our case, we sputtered a gold seed layer because we knew from prior
experience that sputtered films have better conformality than evaporated films. However, gold does
not adhere well to Pyrex; therefore, a titanium adhesion layer was sputtered onto the Pyrex vias before
the gold deposition. We used tapered holes to make sure that the sidewalls of the vias were completely
coated, and also to prevent the creation of voids that disconnected the upper metallization (in contact
with the pogo pins) from the lower metallization (in contact with the plasma). Bullen’s technology can
pattern holes in Pyrex with up to 30° taper; we specified the vias with the maximum taper to increase
the odds of success in the filling-in process. A shadow mask was used to deposit the metal seed only
into the vias. The shadow mask, pictured in Figure 4.3, allowed the processing of up to 16 Pyrex dies at
the same time. A concept drawing of the sputtering process using the shadow mask is shown in Figure
4.4, Several experiments were conducted to estimate the best electrodeposition approach, and we also
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explored coating the metallization with silicon carbide for enhanced protection using plasma enhanced
chemical vapor deposition (PECVD). The final version of the process flow is reported in Section 4.3.

Figure 4.3: Aluminum shadow mask for sputtering titanium and gold into the Pyrex vias (A). The shadow mask worked
together with a fastening plate (B).

Sputtered Gold Sputtered Gold

YYvvvvvvy | YYYYVYVYYVY |

Figure 4.4: Cross section of the concept of using a shadow mask to fill in vias with a metal seed.

4.2.1 Exploration of Silicon Carbide Coatings for Metalized Vias

Doped silicon carbide (SiC) was explored as a coating material of the MEMS Langmuir probes
due to its high melting temperature (2730 °C), low electrical resistance, and great chemical stability [50].
The vias could then be filled in later with electroplated metal, as shown in Figure 4.5. A literature search
was conducted to assess whether it would be possible to replicate existing processes for doped SiC films
in our fabrication facility. In one reference, SiC films were doped to a resistivity of almost 0.1 Q cm
during a low pressure chemical vapor deposition (LPCVD) process that occurred at a relatively high
deposition temperature of about 800 °C [51]. These SiC films were doped with gaseous NH3 (5% in H,)
as a precursor for nitrogen. In another reference, PECVD SiC films were doped using ion implantation
followed by annealing at 1100 °C for 2 hours, resulting in a resistivity of about 0.1 Q cm [48].
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Doped silicon
carbide film

Figure 4.5: Doped silicon carbide film could be used to protect the metallization against the harsh reentry plasma.

We preliminarily explored the development of a doped PECVD SiC film recipe by modifying an
undoped PECVD SiC process available at MTL. In these experiments the SiC films were deposited onto
silicon wafers with 1 um of thermal oxide so that the electrical conductivities of the films could be
measured. The preparation of the samples started with 150 mm n-Si <100> wafers that were RCA
cleaned. Then, 1 um of thermal oxide was grown at 1050 °C. Shortly before the SiC deposition, the
wafers were broken into smaller pieces and cleaned in piranha solution (i.e., a 3:1 mixture of sulfuric
acid and hydrogen peroxide) to remove organic contaminants. In the PECVD reactor (ST Systems), the
PECVD SiC films were deposited from appropriate gaseous mixtures of methane (310 sccm), argon (700
sccm), silane (45 sccm), and phosphine (2%, 22 sccm; phosphine was the doping gas) while the wafer
pieces were maintained at a temperature of approximately 300 °C. The deposition rate was
approximately 0.1 pum/min. PECVD SiC films having thicknesses between 0.5 pm and 3 pum were
deposited onto both sides of the wafer pieces to compensate the stress. A portion of the samples was
annealed at 650 °C or 950 °C in nitrogen for 30 minutes directly following deposition. Figure 4.6
summarizes the matrix of combinations that we tried in these experiments.

Annealed 650 °C I

Annealed 950 °C |

\_ Un-annealed |

Annealed 650 °C |

0.5, 1.0, 3.0 um Thicknesses

~ Un-doped Annealed 950 °C |

\‘F ~ Un-annealed

Figure 4.6: Doped and un-doped SiC films were deposited at various thicknesses and annealed at various temperatures for 30
minutes. A total of 18 samples were processed.

All of the SiC films thicker than 0.5 um delaminated during annealing. Delamination may have
occurred due to stress from thermal expansion and/or excessive annealing temperature ramp-up rate.
The electrical conductivities of the remaining samples (un-annealed films and 0.5 um-thick annealed
PECVD SiC films) were measured with a 4-point probe. The measurements indicated that all samples
were electrical insulators. A likely explanation for this result is that the deposition temperature was too
low for the SiC to form crystalline structures, and therefore, there were not enough vacancies for
dopants to be incorporated. Furthermore, the 4-point probe measurements on the surviving annealed
samples indicated that annealing did not help improve the electrical conductivity of the SiC film.
Therefore, although doped SiC films have been produced by others [48,51], we were unable to replicate
the results in our facility and further investigations are needed to accomplish this.
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4.2.2 Exploration of Electroplated Gold for Metalized Vias

We decided to explore gold electroplating to fill in the vias because of three key reasons. First,
gold has excellent electrical and thermal conductivity and it also has excellent corrosion resistance.
Second, the inertness of gold prevents the formation of electrically insulating surface oxides that could
interfere with the operation of the probes. Third, electroplated gold serves a variety of functions in the
microelectronics industry and therefore, it is a mature microfabrication process. This section describes
the experiments we conducted to develop a gold electroplating step to fill in the vias.

An “lko” tool from ElectroChemical Systems, Inc (Knoxville, TN) was utilized for the gold
electroplating experiments. The tool is located at MIT’s Lincoln Laboratory. The tool consisted of a 63
°C temperature-controlled plating bath in a ventilated enclosure. A wafer holder connected to the
cathode was immersed in the bath, and the anode was connected to a reciprocating device hovering in
the bath above the wafer. The reciprocating anode is a specialized apparatus that pulses the plating
solution near the wafer’s surface, helping to remove air bubbles and improve the quality of the
electroplated gold. The plating bath consisted of Techni Gold 434HS solution from Technic, Inc.
(Cranston, RI), which is a premixed solution that electroplates onto surfaces having a gold seed layer.
The specifications of the gold plate include 99.99% purity, 0.3 m/cm’ contact resistance, and 18.5
g/cm® density. Plating was performed at the recommended current of 3 Amps/ft>. The tool is
specifically tailored for MEMS processes, but at that time there was no in-house recipe developed for
filling in vias.

The first experiments involved Pyrex dies that were field coated with a sputtered film stack of
titanium (0.05 um) and gold (0.25 um); the dies were coated on the surface that would not be exposed
to the plasma (this would result in connected probes after electroplating). The shadow mask was
introduced in subsequent experiments to deposit the seed layer only into the vias. In all experiments
the dies were affixed to a 150 mm-diameter silicon handle wafer using electroplating tape (3M 470).
The handle wafer was coated with a similar sputtered film stack to provide electrical contact between
the lko’s wafer hoider and the vias.

In the first electroplating experiment, four Pyrex dies were affixed to a handle wafer. The
remaining exposed area of the handle wafer, minus a 0.5 cm-border left for electrical contact between
the wafer and the holder, was hand-painted with AZP4620 photoresist and then baked for 1 hour at 90
OC. After electroplating for approximately 18 hours, much of the photoresist peeled off and clogged the
plating bath’s filtration system; this also caused gold to plate on areas of the handle wafer, resulting in
depletion of the gold electroplating solution. Nonetheless, examination of the vias with scanning
electron microscopy (SEM), shown in Figure 4.7, confirmed that it is possible to conformally electroplate
gold within the vias to form probe structures. The deposition rate was approximately 17 um/hr on the
surface of the dies, but much slower within the vias, suggesting a species depletion mechanism in the
deposition similar to microloading in plasma etching. This experiment yielded partially filled-in vias but
longer plating times should result in completely filled-in vias.
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Figure 4.7: SEM of electroplated gold inside a via as seen from the plasma side from the first electroplating experiment,
demonstrating the conformality of the deposited film.

A second electroplating experiment was carried out for 22 hours and 21 minutes. The second
experiment was identical to the first experiment except that in this experiment 9 dies were involved and
the exposed surface of the handle wafer was covered with electroplating tape instead of photoresist, as
shown in Figure 4.8.A. Unfortunately, the electroplating tape was not as effective as hoped in stopping
electroplating of the unwanted areas. As shown in Figure 4.8.B, many areas beneath the tape were
electroplated, particularly the areas where the electroplating tape was overlapped. For this reason, all
the dies of the second experiment firmly attached to the handle wafer. The handle wafer was etched
away using an SFe-based plasma recipe in a deep-reactive-ion-etching (DRIE) tool; approximately 2.5
hours were required to etch the handle wafer (the handle wafer was about 650 pm thick). In future
experiments care was taken to not overlap the electroplating tape, which allowed the dies to be
dismounted from the handle wafer with ease.

Figure 4.8: (A) Sample used in the second experiment before plating. (B) Sample used in the second experiment after plating
and removal of the electroplating tape. Electroplating occurred in some of the areas masked by the tape.
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A third electroplating experiment was conducted, this time including dies that were processed
using the shadow mask shown in Figure 4.3. The shadow mask allowed the titanium/gold film stack to
be sputtered only into the vias, electrically isolating each via (Langmuir probe) from the others. The
third experiment was unsuccessful at filling in the vias using electroplated gold. This result was caused
by lack of electrical connection between the seed layer in the vias and the seed layer on the handle
wafer. Although we knew that there was no electrical connection between the vias and the handle
wafer before the electroplating had begun, we had hoped that the electroplating process would cause
gold to plate upwards from the seed layer on the handle wafer and into the vias, eventually making
electrical contact with the vias. However, this was not the case. After approximately 7.5 hours of
plating, there was still no electrical contact between the vias and the handle wafer. Worse yet, because
there was no electrical contact, the gold plating solution etched away the gold seed layer, exposing the
titanium adhesion layer. This occurred because the gold electroplating solution contains cyanide, which
has the ability to etch gold when electroplating is not taking place. The exposed titanium adhesion layer
can be seen on the dies pictured in Figure 4.9. Based on this experiment, we conclude that a sufficient
electrical connection between the bottom of the dies and the handle wafer is required in order to
successfully electroplate into the vias. This can be achieved by either bonding the dies to the handle
wafer (thermal compression), or, by coating the surface of the dies that makes contact with the handle
wafer with a sputtered titanium/gold film stack.

Figure 4.9: Dies with exposed titanium film due to etching of the gold electroplating seed layer.

A fourth gold electroplating experiment was conducted; in this case, the surface of the dies that
makes contact with the handle wafer was coated with a sputtered titanium/gold film stack to facilitate
the electrical contact between the dies and the handler wafer. As shown in Figure 4.10, at the end of
this experiment the vias were not completely filled-in. The process concluded prematurely after
approximately 13.5 hours because the gold in the electroplating solution had depleted. For this reason,
the electroplated gold shown in Figure 4.10 has a rough appearance.
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Figure 4.10: SEM of the gold metallization inside a via produced by the fourth electroplating experiment. The rough
appearance of the gold is a result of the depletion of gold in the electroplating solution.

We also contemplated using electroless gold to fill in the vias. Electroless (autocatalytic) plating
involves the presence of a chemical reducing agent in solution to reduce metallic ions to the metal state
[52]. Electroless plating does not require external electrical power: instead of having an anode, the
metal is supplied by a metal salt in agueous solution; instead of having a cathode to reduce the metal,
there is an electrically conductive substrate to serve as the cathode, while a reducing agent in the
aqueous solution provides electrons. Electroless plating only takes place on catalytic surfaces such as
gold, rather than occurring throughout the entire solution, which is ideal for our shadow mask approach.
However, a brief exploration of the electroless gold process revealed that it would not have been viable
for filling in relatively large, 100 pm-diameter vias. Specifically, the deposition rate of electroless gold is
comparatively low (0.1 um/hour), the plating baths tend to have short lives (15 minutes), and the
thickness of the deposition is sensitive to stirring [53,54].

4.2.3 Exploration of Electroless Nickel for Metalized Vias

Electroless plating of nickel was explored to fill in the vias of the MEMS Langmuir probes. The
potential advantages of electroless nickel plating include lower porosity compared to traditional
electroplating and hence better corrosion resistance [52]. The chemicals for plating electroless nickel
were procured from Caswell, Inc. (Lyons, NY). These chemical solutions included nickel sulfate (i.e., Part
A), and the reducing agent composed of sodium hypophosphite and ammonium hydroxide (i.e., Part B).
The chemical formulas and pH of Part A and B can be found in Table 4.1. The composition of the plating
bath was specified by the volume ratio of 1:3:16 of Part A, Part B, and distilled water, respectively.
Electroless nickel plating occurs at approximately 90 °C, just below the boiling point of the solution. An
immersion heater provided by Caswell, Inc. was placed at the bottom of the plating bath to maintain a
temperature of approximately 90 °C during the plating process. A thermocouple provided feedback to
ensure the temperature within the bath was relatively stable and uniform, within plus or minus 2 °C of
the 90 °C set point. In addition, mist control balls, which can be seen in the laboratory setup in Figure
4.11, were used to help decrease the evaporation rate of the plating chemicals and contain heat within
the plating bath.
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Table 4.1: Components of Electroless Nickel Solution

Solution Name Chemical Formula pH
Part A: NiSO;.(H,0)s 3.5
Nickel Sulfate (45 wt %)

Part B: NaH,P0;.H,0 5.5
Sodium Hypophosphite (25 wt %) NH;

Ammonium Hydroxide (1 wt %)

Temperature °(

Figure 4.11: Laboratory setup of electroless nickel plating process from Caswell, Inc.

We conducted an electroless nickel plating experiment using Pyrex dies that had been processed
at Lincoln Laboratory (i.e., the electroplated gold from Lincoln Laboratory served as a seed layer for the
electroless nickel process). After the gold electroplating process at Lincoln Laboratory partially filled in
the vias, the dies were dismounted from the handle wafer by removing the electroplating tape. Then,
photoresist was painted onto the top of the dies and soft-baked. The gold film on the plasma side of the
die was then etched using Transene TFA (etch rate 28 A/sec @ 25 °C), and the titanium adhesion layer
was etched away using Transene TFTN (etch rate 50 A/sec @ 85 °C). The photoresist was then removed
with acetone, after which the die was rinsed in deionized water and dried with a nitrogen gun. Finally,
the dies were suspended into the bath using a wire sling and electroless nickel plating was conducted.
The electroless nickel plating process was performed for 2 hours.

Electroless nickel plating occurs on catalytic surfaces such as gold, hence the handle wafer was
omitted because it was not required to provide electrical contact from a cathode to the vias. However,
the consequence of not using a handle wafer is that the growth of electroless nickel is uninhibited at the
probe tips and mushrooms outward, resulting in rounded probes tips that are wider than the diameter
of the vias and protrude from the surface of the Pyrex substrate. While this structure is still appropriate
for Langmuir probes as a sensorial skin, it is less optimal for blended body applications where the Debye
length of the plasma is smaller than the diameter of the probes. In other words, because the probe tips
are not flat, they would not be level with respect to the outer surface of a spacecraft and could perturb
its plasma sheath.
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The results of the 2-hour electroless nickel process are shown in Figure 4.12. This image
confirms that electroplated gold is an adequate seed layer for electroless nickel, and that electroless
nickel can produce a smooth surface, regardless of the roughness of the electroplated gold, such as the
sample pictured in Figure 4.10. The deposition rate of the electroless nickel was found to be
approximately 25 um/hour. The results of this experiment suggest that electroless nickel is suitable to
fill in the vias because of its larger deposition rate, conformality, and smoothness of the deposited

material.

i
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Figure 4.12: SEM of a 200 um-diameter metalized via as seen from the plasma side of the probe. The via was partially filled
with electroplated gold from the fourth gold electroplating experiment, and then partially filled with electroless nickel
deposition.

4.3 Fabrication Process Flow of the MEMS Langmuir Probe Arrays

The multiplexed MEMS Langmuir probes developed in this thesis consist of an array of
electroless nickel vias embedded into a flat Pyrex substrate. The fabrication process of these devices
began with a 100-mm Pyrex wafer that had arrays of vias that were ultrasonically machined by a vendor
(Bullen Ultrasonics, Eaton, OH) (Figure 4.13.A). Contact photolithography on an airbrushed photoresist
film was then conducted to transfer die-saw lines onto the Pyrex wafer (Figure 4.13.B). The wafer was
then die-sawed (Figure 4.13.C). After this, the dies were cleaned using a piranha bath (Figure 4.13.D).
After cleaning, the vias were coated with a 0.05 um Ti/0.25 um Au sputtered film stack using the
shadow mask shown in Figure 4.3; the coating was applied on the side of the substrate that will not be
exposed to the plasma when in operation (Figure 4.13.E). Finally, the dies were immersed in an
electroless nickel plating bath for 4 hours to fill in the vias and complete the devices (Figure 4.13.F).
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Figure 4.13: Process flow to fabricate arrays of MEMS Langmuir probes (A) Ultrasonic drilling of the Pyrex wafer; (B) Transfer
of die-saw lines using contact lithography; (C) Die-sawing of Pyrex wafer; (D) Dies cleaned using a piranha bath; (E) Sputtered
Ti/Au film stack is deposited into the vias using a shadow mask; (F) Electroless nickel plating of vias.

The completed devices are shown in Figure 4.14. Based on our electroplating experiments, it
was determined that the holes visible in the figure do not go through the vias and that they are the
result of the way the nickel deposited into the vias. An SEM of the plasma-facing side of an array with
100 um-diameter vias at the plasma side is shown in Figure 4.15. While the original diameter of the
plasma-facing side of the vias was 100 um, the electroless nickel deposition increased the probe tip
diameter to 600 um. This structure was produced because a handle wafer was not utilized during the
plating process to inhibit the growth of the electroless nickel at the probe tips. Figure 4.16 is an SEM of
a broken die showing the device structure.

Figure 4.14: Various array sizes of MEMS Langmuir probes.
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Figure 4.15: SEM of the plasma side view of a 600-pm diameter MEMS Langmuir probe from a 2 X 2 array containing 100 pm-
diameter vias. The smudge on the nickel probe is residue from graphite tape that was used for taking other SEMs.
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Figure 4.16: Cross section view of a MEMS Langmuir probe part of a 2X 2 probe array. The titanium adhesion layer remained
attached to the electroless nickel on the pogo-pin side of the probe when the die was broken to create this cross section
view. The titanium adhesion layer is the lighter colored inner circle on the pogo pin side.

4.4 Chapter 4 Summary

This chapter documented the experimental investigations that led to the batch fabrication of
multiplexed MEMS Langmuir probes consisting of arrays of electroless nickel vias in a Pyrex wafer. The
experimental characterization of the MEMS Langmuir probes is documented in Chapter 5, including a
description of the testing apparatus, driving electronics, testing procedure, and data analysis.
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5 Experimental Characterization of Multiplexed MEMS Langmuir
Probes

The MEMS Langmuir probes were preliminarily tested as triple Langmuir probes in plasma at
MIT’s Versatile Toroidal Facility (VTF). The performance of the MEMS probes was compared with the
performance of a homemade macro-scaled triple Langmuir probe that was tested in VTF at the same
time and under the same conditions. This chapter describes the experimental apparatus used in the
characterization of the MEMS probes: macro probe, MEMS test fixture, and driving circuitry. In addition,
the experimental procedure, data, and data analysis of the MEMS and macro Langmuir probes are also
presented.

5.1 Experimental Apparatus

5.1.1 Macro Triple Langmuir Probe Design and Fabrication

A conventional triple Langmuir probe was constructed to benchmark the performance of the
MEMS Langmuir probes. The conventional probe consists of three 0.61 mm-diameter tungsten wires
with 1 cm free length and 1-mm probe-to-probe separation. The surface area of each tungsten probe is
nearly 70 times larger than the surface area of a MEMS probe; this way, the macro-scaled probes would
collect higher currents using the same driving circuitry, which should result in more accurate estimates
of the plasma parameters than the estimates from the MEMS plasma probe data. The probe tips extend
64 cm from VTF's ceiling into the plasma environment; this depth is the location where the densest
plasma can be accessed. A schematic of the macro probe is shown in Figure 5.1 and the fabricated triple
Langmuir probe is shown in Figure 5.2, including a close-up of the probe tips.

Vacuum
feedthrough

Stainless steel
jacket

4-Bore alumina

tube

Aluminum
fitting

Tungsten
probe tips

Figure 5.17: The primary components of the conventional triple Langmuir probe.
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Figure 5.18: Completed conventional triple Langmuir probe (top), and detail of the tungsten probe tips (bottom).

The dimensions of the conventional and MEMS probes are presented in Table 5.1. The surface area of
the conventional probe is approximately 70 times larger than the surface area of the MEMS probe, i.e., a
macro probe tip collects about 70 times the current collected by each MEMS probe. Generally, larger
currents can be measured more precisely and therefore, the conventional probe serves as a benchmark
for the performance of the MEMS probes. We only tested a 2x2 MEMS Langmuir probe die.

Table 5.1: Comparison of Conventional and MEMS Triple Probe Dimensions

Diameter (mm) | Pitch (mm) | Surface Area (mm?)

Conventional Probe 0.61 1 19.46

MEMS Probe 0.60 4 0.28

5.1.2 MEMS Triple Langmuir Probe Test Fixture and VTF Installation

The MEMS triple Langmuir probe was installed in VTF approximately 60 degrees away from the
conventional probe due to the arrangement of the available ports on VTF’s ceiling. Similar to the
conventional probe, the MEMS probe was extended to a depth of approximately 64 cm into the plasma
chamber from the ceiling. The test fixture of the MEMS probe consists of a custom machined aluminum
die holder and an extension rod, pictured in Figure 5.3; the fixture also provides an electrical connection
to the probes via pogo pins. The die holder was fastened to the extension rod via a threaded connection
and a vacuum feedthrough was attached to the extension rod so the MEMS probe can be tested at VTF.

Die holder Extension rod

1 N

Tt
e e

¢l

Figure 5.19: The test fixture for the MEMS Langmuir probes.

A diagram of the assembly of a die into the test fixture is shown in Figure 5.4. The die is secured
in place inside the die holder between pogo pin electrical connectors and an aluminum faceplate. The
pogo pins are press-fit into a custom machined Vespel fixture that provides electrical insulation between
the pogo pins. The current Vespel fixture contains a 2 X2 array of pogo pins, which is compatible with a
2X2 array of MEMS Langmuir probes. 28 AWG shielded twisted wires were soldered to the ends of the
pogo pins not in contact with the die. Shielded twisted wires were chosen to help eliminate electrical
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interference. A photo of the die holder before the die was installed is shown in Figure 5.5.A, while
Figure 5.5.B is a photo of the die installed in the die holder.

Extension rod

Die Pogo pin

e Pogo pin fixture

Faceplate Die holder A ' \ -

Figure 5.20: (A) Schematic of the MEMS Langmuir probe test fixture; (B) Cross-section of the MEMS probe test fixture.

Figure 5.21: (A) The brown vespel pogo pin fixture and gold pogo pins are shown within the die holder before the die was
installed; (B) The MEMS die installed into the die holder and secured with the faceplate.

5.1.3 VTF Plasma Parameters and Experimental Considerations

Knowledge about VTF's plasma parameters is required to benchmark the performance of the
conventional and MEMS probes. Unfortunately, at the time of testing the probes VTF was under
construction and the plasma diagnostics equipment had not yet been installed. Therefore, a literature
search was conducted to determine the range of the electron temperatures and number densities that
had been recorded in the past at VTF. The electron temperatures ranged from 2 — 15 eV and the
number densities were on the order of 10" — 10" m™ [36,38,39,40,41]. The electron temperature is
consistent throughout the plasma, while the density is highest in the center of the plasma chamber and
lowest around the edges [39]. In the preliminary experimental characterization conducted in this thesis,
the probes were installed such that the highest plasma densities could be accessed. It would have been
more valuable to also test the probes in a variety of different plasma conditions to verify that the probes
can perform properly at different operational points; this could have been easily done by varying the
insertion distance of the probe, as a smaller insertion distance would access plasma of the same
temperature but visibly less dense.

We estimated the current that our macro triple probe and MEMS probe would collect based on
the single Langmuir probe data discussed in Chapter 2. The current collected by a Langmuir probe is
proportional to surface area; hence the surface areas of the conventional and MEMS triple probes were
compared to the surface area of the single Langmuir probe to estimate the current that the triple probes
would collect. The criterion we used was the ion saturation current and the results of this exercise are
presented in Table 5.2. These estimates indicate that the driving electronics must be capable of
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accurately measuring currents lower than 10* A. This discussion continues in more detail in Section
5.1.4, where the design and capabilities of the driving electronics are presented.

Table 5.2: Estimation of lon Saturation Current Collected by the Conventional and MEMS Triple Probes

Surface Area (mm?) lon Saturation Current (A)
Single Probe 32.20 1.20x10™
Conventional Triple Probe 19.46 7.25%x107
MEMS Triple Probe 0.28 1.05x10™

5.1.4 Driving Electronics

The conventional and MEMS triple Langmuir probes were operated using the current-mode
scheme (Chapter 2). In the literature, triple probe currents have been measured successfully with
oscilloscope current probes, which do not draw current from the triple probe circuitry and hence do not
hinder the operation of the probes [55]. Unfortunately, the current probes are not able to measure the
small currents that we anticipate the MEMS probes will generate. Therefore, we developed suitable
driving circuitry to collect the data. This section describes the driving circuitry and the testing that was
performed to ensure that the circuit could measure current in the 10* - 107 A range.

5.1.4.1 Circuit Description

The driving circuit, shown in Figure 5.6, accomplishes two primary objectives. First, it supplies
bias voltages between the probes using batteries that are floating; second, the driving circuitry provides
voltage measurements across resistors R, and Rs, and across Ry and R;,, which can be converted into
measurements of the probe currents /, and /; using the following expressions:

_ _ 5.1
v, [R2+(Ri4+%) 1] v, [R3 +(§1;+%) 1]
— - 1
L&D @
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The circuit supplied 9 V and 18 V between the probes. In Chapter 2, it was mentioned that the
bias voltages should be around 2 V and 10 V to obtain accurate measurements of the electron
temperature, according to Chen and Sekiguchi [33]. However, a more general rule of thumb is that the
higher bias voltage should be larger than the electron temperature to ensure that the electrons saturate
[55]; also, the two bias voltages should not be equal to each other in order to avoid error in the
measurement of the electron temperature [33]. Since the electron temperatures of VTF’s plasmas were
reported in the range of 2 — 15 eV, we selected 18 V as the higher bias voltage instead of 10 V, which
was supplied by two 9 V-batteries in series. For the lower bias voltage, we intended to supply 3 V, but

68




an error in the setup resulted in a 9 V bias instead. This will clearly affect the accuracy of the probe
estimates as a wrong choice of bias voltages in a triple Langmuir probe can cause 50% or more of
difference between its estimates of the plasma parameters and the estimates from single Langmuir
probe data [33]. Therefore, the experiments reported in this thesis should be seen as a preliminary
characterization of the devices and a proof-of-concept of the testing rig, instead of the validation of a
microfabricated instrument. In future work, the bias voltages should be optimized by comparing the
estimated plasma parameters with the estimates from single Langmuir probe data using 2 V and 30 V as
staring guesses of the bias voltages.

The four voltage dividers, i.e., R; and R4, R; and Rs, Ry and Ry, and Rz and Ry, were introduced to
ensure the 2 MHz voltage digitizers (GE ICS645B) measuring V3, Vs, V3, and V,; would not see more than 1
V peak-to-peak. The values of the resistors in the voltage dividers are R,=R3=10 k€, R,=Rs=100 kQ, and
R4=Rs=Rs=R1p=1 k€. The resistors labeled R, correspond to the impedance (500 Q) of the voltage

digitizers. The resistors R; and R were changed from 100, 1k, 10k, 100k, to 1M €, depending on what
values provided the most optimal measurements of I, and /5.
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Figure 5.22: Schematic of the circuit used to drive the conventional and MEMS triple Langmuir probes at VTF.

5.1.4.2 Circuit Characterization

We tested the driving circuit without plasma to determine if it was working as expected, and
also to select values for R; and Ry that would provide the best measurements of I, and /3. The
performance of the circuit could be affected by non-idealities such as parasitic resistance due to the long
wires between the circuit and voltage digitizers, errors in resistor values, and contact resistance. The
circuit was tested by supplying a known current /; and by measuring V; and V.. The same test was
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repeated for /3, whereby V3 and V,; were measured. A source-measure unit (SMU, Keithley 237) supplied
the current I, or I3, and another two SMUs measured V; and V;, or V3 and V,. The SMUs were operated
by our own LabVIEW script to automatically supply the currents and measure the voltages. The currents
I, and /; ranged from 107 to 10” A. R; and Rs were changed from 100, 1k, 10k, 100k and 1 MQ. The
SMUs were set to acquire 32 voltage measurements total for each current and resistor combination
tested; these measurements were then averaged to obtain 1 final measurement for each combination.
The measured voltages V;, V5 V3, and V, and the corresponding resistor values R; and R; were
substituted into equations 5.1 and 5.2 to back-calculate the applied currents I, and /3. A ratio of the
applied current to the estimated current was introduced to compare how accurately the applied
currents /, and /; were calculated using the measurements of V;, V5 V3, and V4. In 32 out of the 60
measurements, equations 5.1 and 5.2 provided an accurate estimate of /; and /5, where the ratio of
applied current to estimated current was within the range of 0.9 — 1.1 (i.e., the range where the
estimated current is equal to within £10% of the of the actual current). This indicates that losses due to
contact resistance or long wires do not have a significant impact on the /; and /3 measurements under
certain conditions. A summary of these experiments is shown in Table 5.3.

Table 5.3: Applied current-to-measured current ratio for /; and /5. Combinations where the
measured current is within 10% of the applied current are shown in black.
Applied Current I, (A)
Resistor R; () 10”7 10° 10” 10" 10° 10*
100 -0.00907 | -0.119 -17.2 1.06 0.968 0.964
1k -0.0885 -2.94 1.14 1.01 1.00 1.00
10k -1.15 1.25 1.02 1.01 1.00 1.00
100k : 5.29 1.10 1.01 1.01 1.00 1.00
1M 10 1.09 1.01 1.01 1.00 1.00
Applied Current /5 (A)
Resistor R; (Q) 107 10° 10° 10* 10° 107
100 -0.00099 -0.00904 | -0.104 | 0.829 0.439 -0.305
1k -0.00898 -0.0935 -0.833 | 0.974 0.887 1.76
10k -0.0805 -3.89 1.14 0.99 0.989 1.05
100k -1.41 1.22 1.02 1.00 1.00 1.01
1M 1.68 1.11 1.01 1.00 1.00 1.00

The estimated current collected by the MEMS probe is on the order of 10 A, which means that
currents as small as 10° A need to be resolved. Moreover, the estimated current collected by the
conventional probe is on the order of 102 A, which means that currents as small as 10° A need to be
resolved. Nonetheless, since we did not actually know whether the estimated currents were accurate,
we selected appropriate values for the resistors R; and Rs based on the larger range of 10”7 to 107 A.
However, the results in Table 5.3 indicate that none of the resistors can provide accurate measurements
of currents as small as 10”7 A, and only R;=100k or 1M Q can accurately measure down to 10° A. Asthe
currents increase, more resistor options are available. In general, the characterization of the driving
circuitry shows that each resistor R; and R; has associated with it a valid range of currents that can be
accurately measured, and this is considered in the analysis of the data collected from the probes during
the VTF experiments.

The sensitivity of the voltage digitizers is also considered. From our driving circuit
characterization experiments, the SMU’s indicated that the measured voltages corresponding to 10”7 A
were on the order of 10° V. The voltage digitizers can take measurements as low as 3x10° V, which is
not adequate for measuring probe currents on the order of 107 A for any resistor R; or Rs. However,
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this is not necessarily a hindrance because the driving circuitry itself is not accurate in the range of 107 A
for any resistor R; or Rs. At best, the voltage digitizers can measure voltages corresponding to probe
currents on the order of 10° A for any resistor R; or Rs, which is compatible with the range of accuracy
of the driving circuitry.

An additional consideration is the thermal electron voltage (about 26 mV), which is a potential
source of noise [56]. According to our experiments, the voltage measurements V;, V,, V3, and V, are the
same order of magnitude as the thermal electron voltage when /, and /5 are on the order of 10 A or less,
for any resistor value. This suggests that the MEMS probe data captured using this circuit do not have
good signal-to-noise ratio, and corroborates our claim that the data should be seen as a preliminary
characterization. Future work should include modifying the circuit to increase the range and accuracy of
the measurements; this can be readily be done by using operational amplifiers.

5.2 Experimental Setup and Procedure

After the probes were installed at VTF, they were connected to the driving circuitry, and the
driving circuitry was connected to the voltage digitizers using twisted pairs of 28 AWG wires to reduce
interference. The driving circuitry for each probe was arranged on a breadboard; the breadboards were
positioned within 20 cm of their respective probe. The driving circuitry for the two probes was setup
identically, and the resistors R; and Rs were setup such that R;=Rg; this way, the data from both probes
could be directly compared to each other. Also, to ensure the measurements collected by the driving
circuitry were repeatable, five plasma shots were measured for each value of R;=Rs. The values of R;=R;
that were utilized during the plasma tests included the values presented in Table 5.3: 100, 1k, 10k, 100k,
and 1M Q. Therefore, with five different values of R;=Rs, and 5 shots for each value, 25 total shots were
taken in plasma. A LabVIEW interface developed by former students at VTF collected data from the
voltage digitizer channels that were utilized to measure V;, V,, V3, and V, for each probe. Data was
collected only during the plasma shot and a brief period before and after. The plasma shots were
approximately 3 ms long, and data was acquired in a window that began 6 ms before the shot to 7 ms
after the shot, providing a total of 16 ms of data per shot. The single Langmuir probe characterization
reported in Chapter 2 was tested using 20 ms plasma shots, rather than the 3 ms plasma shots that were
used in these experiments. Although 20 ms plasma shots would have been more stable and provide
better data, this setup was not available at VTF at the time that the MEMS probe was tested.

In order to identify the interference of various devices turning on and off, and to corroborate
when the actual plasma events began, measurements were also acquired from the probes without
plasma. It was determined that the period of time when there is minimal interference from external
devices occurs from 6.25 — 9.0 ms during the plasma shot (i.e., during the time the plasma was on). The
voltage digitizers collect data at a rate of 2 MHz, i.e., 5500 data points were collected during each
plasma event. In future work, the driving circuitry should be placed inside a metal box (Faraday cage) to
shield it from background noise.

5.3 Data Analysis
5.3.1 Data Analysis Procedure

The data analysis procedure accomplishes two key functions. First, it determines whether the
collected data is accurate by checking whether the measured currents /, and /5 fall within the range of
accuracy for the corresponding resistor R; and R, in the driving circuit. Second, the procedure
implements current-mode theory, as described in Chapter 2, to estimate the electron temperature T,
number density n., and Debye length A, from the MEMS probe and conventional probe data. These
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estimates were compared with the expected range of values at VTF. The data analysis procedure was
carried out in Matlab, and it includes the following general steps:

1)
2)
3)

4)

5)

6)

7)

5.3.2

Load raw VTF data files into Matlab.
Select the data corresponding to the 6.25 — 9.0 ms interval.

Calculate the probe currents /4, I, and /5 from the voltage data V;, V,, V3, and V, using equations
5.1 and 5.2. Each time interval contains multiple data sets, each data set has a different
estimated current set.

Determine whether the magnitude of I, and /; fall within the range of accuracy of the
corresponding resistors R; and Rs, and check whether /,</;.

Calculate T, and n. using equations 2.12 and 2.13. The solution for T, utilizes a Newton-Raphson
algorithm to numerically solve the nonlinear equation 2.12. The algorithm used 0.3 eV as an
initial guess for T. and the error tolerance was 10°, which provided the best conditions for
convergence. Each time interval contains multiple data sets, each data set has a different
estimated T, and n..

Calculate Ap using equation 2.2. Each time interval contains multiple data sets, each data set
has a different estimated Ap.

Calculate the mean and standard deviations of T,, n., and A, over the course of all plasma shots
corresponding to a particular value of R; and Rs;, and compare the averaged data to the
expected range of VTF plasma parameters.

Results

The raw voltage data for the conventional probe and the MEMS probe is shown in Figure 5.7

and Figure 5.8, respectively. Each plot shows the voltage data of all five shots for a particular value of
R:=R¢. The large peaks in the data indicate interference due to devices at VTF turning on and off. The
interval from 6.25 — 9.0 ms that contains the plasma shot data was corroborated using the plots on the
bottom right of Figures 5.7 and 5.8, where data was collected without plasma. The data were used to
calculate the probe currents, shown in Figure 5.9 for the conventional probe and in Figure 5.10 for the
MEMS probe.
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Figure 5.23: Conventional triple probe raw voltage data corresponding to each value of R;=R; in the driving circuitry.
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Figure 5.24: MEMS probe raw voltage data corresponding to each value of R;=R; in the driving circuitry. Each plot contains
data from 5 plasma shots, except for the noise plot on the lower right, which contains 1 shot.
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Figure 5.25: Conventional probe currents Iy, I;, and I3, corresponding to each value of R;=R; in the driving circuitry. Each plot
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Figure 5.26: MEMS probe currents I, I3, and I, corresponding to each value of R;=R; in the driving circuitry. Each plot

contains data from 5 plasma shots.

The estimated probe currents are within the range of accuracy of the driving circuitry, except for
the measurements of /; that were taken using R;=R=100 and 1k Q2 for both the conventional and MEMS
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probes. Given our knowledge about the behavior of the driving circuitry in Table 5.3, we can conclude
that the measurements of /; are overestimated when Rs=100 or 1k © by as much as an order of
magnitude. The plots where R; and Rs are 100, 1k, and 10k Q2 show that the magnitude of /, is less than
the magnitude of /35, which indicates that the probes and driving circuitry are setup properly [33].
However, in the plots where R; and R are 100k and 1M Q, there is a lot of fluctuation and it is generally
the case that /,</; does not hold. While high variation in the data is expected due to VTF's plasma
instabilities, the fact that /,</; does not hold when R; and Rs; are 100k or 1M Q is an indication of
interference that is not related to fluctuating plasma parameters and that the data from these resistors
is flawed for both the conventional and MEMS probes. The interference occurring at higher resistance
values is likely caused by thermal {Johnson) noise, which is proportional to the magnitude of the
resistance.

In the case of the MEMS probe where R;=Rs=100 and 1k Q, the data appears relatively flat and
the instability of the plasma is not apparent. This is because the measurements are nearly equal to the
thermal electron voltage, which is about 26 mV at 300 K [56]. This means that thermal voltage noise
dominates the measurements of /, and /3, which is why the data appear relatively flat in these cases.
This also indicates that the measurements of /; and /53 under these conditions are flawed.

To summarize, the measurements taken with R;=Rs=100k and 1M Q are flawed due to thermal
noise for both the conventional and MEMS probes; the MEMS probe measurements taken when
R:=Rs=100 and 1k Q are flawed as well because the thermal voltage is of the same order of the
measurements; in addition, the data taken with R;=Rs=100 and 1k QQ cannot be used to estimate /; in
both the MEMS and the conventional probes because the circuit cannot accurately measure such
currents. Therefore, the only combination left to analyze for both probes is R;=Rs=10k Q2.

The mean and standard deviation of the electron temperature, number density, and electron
Debye length were calculated across all five shots for R;=Rg=10k Q in the driving circuitry. The electron
temperature corresponding to the conventional probe data and the MEMS probe data are shown in
Figure 5.11. The number density and Debye length data are shown in Figures 5.12 and 5.13, respectively.
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5.4 Discussion

A side-by-side comparison of the plasma parameters extracted from the conventional and
MEMS probe data is presented in Table 5.4. In this table, the plasma parameters have been averaged
across the period of all five plasma shots corresponding to R;=Rs=10k €2, and the standard deviations are
included in parenthesis as error bounds. Table 5.4 also includes the reported range of VTF's plasma
parameters for comparing to the experimental data.

Table 5.4: Average Plasma Parameters from 10k Q) Data

Conventional Probe MEMS Probe Data VTF Reported Data
Data

T.(eV) 3.45 (+1.89) 4.31 (+2.06) 2-15

ne (m?) 4.14x10" (+1.70x10") | 2.94x10"® (+1.56x10") | 10" -10"

Ap (um) 22.69 (+8.13) 10.08 (+4.06) 3.32-91.03*

*Based on the minimum to maximum A, calculated using equation 2.2 for T, = 2 - 15 eV and n, = 10" - 10 m"*

Because the conventional probe serves as a benchmark for the MEMS probe, we first compared
whether the conventional probe data falls within the range of VTF's reported plasma parameters. Then,
we compared the performance of the MEMS probe to the conventional probe because they were
operated under the same conditions and therefore, they should estimate similar plasma parameters.
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The results in Table 5.4 indicate that the average electron temperature, density and Debye
length from the conventional probe data fall within the range of VTF’s reported plasma parameters.
Further comparison cannot be made because the VTF did not have plasma diagnostics in operation.

The estimates of the plasma parameters from the MEMS probe should be similar to estimates of
the plasma parameters from the conventional probe because they sensed the same plasma. Therefore,
any MEMS probe data in Table 5.4, including the error bounds, that does not at least partially overlap
the conventional probe data is considered flawed. From this exercise we found that the MEMS probe
data falls completely within the range of VTF’s plasma parameters, but only the electron temperature
data overlaps the conventional probe’s data. Therefore, the electron density and Debye length
estimates from the MEMS probe are flawed or are related to different plasma conditions. There are two
tentative explanations for this result. First, the plasma in VTF is isothermal and shows strong density
variations; it is possible that the MEMS probe was sampling a visibly denser region that is at the same
temperature. Second, the mismatch between the MEMS and conventional probe measurements could
be the result of the smaller SNR on the MEMS probe data. Because the driving circuits utilized for both
probes were the same, we can assume that both circuits were susceptible to the same amount of noise.
However, because the currents from the MEMS probe are visibly smaller than the currents from the
conventional probe, the MEMS probe data has a lower SNR and therefore, the MEMS probe is prone to
overestimate the plasma parameters. This is apparent in how the MEMS probe predicts higher electron
temperatures and densities compared to the conventional probe, which leads to a lower Debye length.

Thecircuit we have used in the characterization of the probes is more appropriate for collecting
data from the conventional probe. The SNR of the circuit must be improved to acquire measurements
from the MEMS probe that better agree with the conventional probe measurements. The SNR can be
increased by including filters and operational amplifiers in the driving circuitry. In addition, more data
should be taken in other plasma conditions to verify that the improved setup and tuning of the driving
circuitry is sound. Because the plasma parameters at VTF cannot be varied at this time, a simple way to
measure different plasma parameters would involve shortening the probes’ extension rods and/or
installing the probes in different areas to provide access to plasma regions with different plasma
parameters. In addition, the lower bias voltage in the driving circuitry should be changed from 9 V to 2
V, and the higher bias voltage should be changed from 18 V to 30 V to collect better data. Moreover,
the electronics should be placed inside a metal box (Faraday cage) to avoid interference from
background noise. Additionally, single-probe measurements using the MEMS probes must be
conducted to benchmark the performance of the triple probe setup and optimize the circuitry to obtain
real-time accurate estimates of the plasma parameters.

5.5 Chapter 5 summary

A MEMS triple Langmuir probe was tested in plasma at VIF. The performance of the MEMS
probe was benchmarked by a conventional triple Langmuir probe that was tested in VTF at the same
time and under the same conditions. The test results preliminarily suggest that the conventional probe
could acquire good-quality data using a particular setup of the driving circuitry; the MEMS probe could
acquire good-quality data if the SNR of the circuitry is improved. More experiments are needed to
confirm these results, which should include setting the right bias voltages and varying the plasma
parameters to verify that the MEMS probe we developed is a valid scientific instrument. This can easily
be done by measuring different regions of VTF’s plasma (i.e., shortening the extension of the package
into the plasma, and/or installing the devices in different locations).
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6 Summary, Conclusions, and Recommendations for Future Work

In this thesis a planar array of batch-microfabricated MEMS Langmuir probes was designed,
fabricated, and preliminarily characterized in plasma. The technology is intended to be used in
applications such as reentry plasma diagnostics and nanosatellite scientific payloads.

6.1 Summary of MEMS Langmuir Probe Fabrication and Experimental Setup

A rough analysis of reentry heat transfer and plasma data, in addition to our microfabrication
capabilities, led to the selection of a MEMS Langmuir probe design and a batch-microfabrication process.
The batch-microfabrication process aligns with the new paradigm in space missions where hardware is
miniaturized, high-performance, and mainstream affordable. The MEMS Langmuir probes were
constructed by filling-in with electroless nickel 100 um-diameter tapered vias machined into a Pyrex
substrate, resulting in individually addressable probes having 600 um-diameter tips. The filled-in vias
were arranged in planar arrays on the Pyrex substrate, forming sensor tiles that could envelop the outer
surface of a reentry vehicle and also be used as plasma sensor in a nanosatellite. The highest density
arrays that were fabricated consist of 25 probes per 1 cm-square tile, having 1.6 mm separation
between probes with square packing. Up to 45 probes per 1 cm-square tile can be achieved with this
design if the probes are arranged in a hexagonal packing.

6.2 Summary of Experimental Setup, Procedure, Data Analysis, and Results

A test fixture was created to install the MEMS probes in VTF’s plasma chamber. The MEMS
Langmuir probes were operated in the triple probe configuration to acquire real-time measurements of
the plasma parameters at VTF. In addition, a conventional triple probe was developed and tested at the
same time and with the same driving circuitry as the MEMS probe to benchmark its performance. We
developed and characterized a homemade circuit to operate the probes, while the real-time data was
collected using 2 MHz voltage digitizers.

The data from the MEMS and the conventional probes were analyzed according to the current-
mode triple Langmuir probe theory. Analysis of the data revealed that most of the data were flawed.
The electron temperature, number density, and Debye length were estimated from the useful data,
preliminarily confirming that the MEMS probes are capable of acquiring real-time data within the range
of VTF’s reported plasma parameters. However, the measurements acquired by the MEMS probe did
not align with the electron density and Debye length data acquired by the conventional probe and
therefore, more work is needed to validate the MEMS Langmuir probe technology.

6.3 Conclusions and Recommendations for Future Work

The ability of the MEMS Langmuir probes to acquire real-time measurements of VTF's plasma
parameters justifies further consideration of low-cost, miniaturized plasma sensors for reentry plasma
diagnostics and nanosatellite scientific payloads. The technology will become viable for these particular
applications through improvements of the probe design and driving circuitry. In this section, several
modifications are recommended to be conducted in future work.

In order for the Pyrex probes to survive the reentry plasma environment, cooling must be
provided. However, the MEMS probes can also be constructed from materials that are more resilient
compared to the Pyrex. The batch-microfabrication process of the MEMS probes reported in this thesis
can accommodate many different materials. For example, in high-temperature applications, silicon
carbide, alumina, or silicon nitride substrates could be interchanged with Pyrex. A better thermal
analysis will help identify the best geometry and material selections for the harsh reentry conditions.
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Environmental testing would be necessary to verify the results of the thermal analysis and determine
the ability of the probes to withstand ablation and sputtering.

The diameter of the probe tips can be further decreased. In this thesis, we intended to fabricate
probes as small as 100 um-diameter, but a flaw in the samples used with the electroless nickel process
resulted in 600 pm-diameter probe tips (there was no barrier to stop the deposition of nickel on the
probe tips while the vias were filling in). Probe tips smaller than 600 um-diameter can be achieved using
a variation of the batch-microfabrication process reported in this thesis. The Pyrex dies (or full wafers)
can be bonded to a handle wafer using thermal compression, such that the probe tips are located at the
interface of the wafer stack. In this way, electroless nickel will fill in the vias while the handle wafer
prevents electroless nickel from mushrooming out beyond the 100 um-diameter probe tips. In addition,
the ability of the batch-microfabrication process to fill in vias with straight sidewalls should be tested.
MEMS Langmuir probes fabricated from vias with straight sidewalls would have higher packing density
compared to the probes with tapered sidewalls reported in this thesis.

MEMS Langmuir probes of different array sizes should be tested to determine whether pitch
and/or packing density influence the measured plasma parameters. In this thesis, MEMS probes were
fabricated in arrays containing 2X 2, 4 X4, and 5 X5 probes, having a pitch of 4 mm, 2 mm, and 1.6 mm,
respectively. Only one 2X2 array was tested in plasma and the results were reported in this thesis.

The signal to noise ratio (SNR) of the driving circuitry must be increased in order to improve the
accuracy of the measurements of the MEMS probe. While the MEMS probe data provided
measurements that were within the range of VTF's reported plasma parameters, they did not agree with
the estimates of the electron density and Debye length from the conventional probe data. A higher SNR
can be achieved by including filters and operational amplifiers in the MEMS probe driving circuitry. Also,
the driving circuitry of both the conventional and MEMS probes should be placed inside a metal box.
These improvements are particularly important if the future MEMS probes are fabricated with smaller
diameters. Also, the driving circuitry should be operated with 2 V and 30 V bias voltages, which should
provide better estimates of the plasma parameters compared to the 9 V and 18 V bias voltages utilized
in this thesis.

The MEMS Langmuir probes must be tested as single probes to accomplish two goals: (i) provide
data and estimates of the plasma parameters to optimize the triple probe driving circuit, and (ii) conduct
fine spatial measurements of a plasma region — one of the key features of the technology we
preliminarily characterized in this thesis. Finally, the MEMS probes should be tested under different
plasma conditions to ensure that the tuning of the driving circuitry is sound. This can be accomplished
by testing the probes in a different part of the plasma at VTF, or by performing the tests at other plasma
facilities.
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