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ABSTRACT 

 
Aluminum/aluminum oxide microplasma novel devices can be fabricated by sequences of 

inexpensive wet electrochemical processes and provide an attractive tool to study plasma 

physics by modifying the device geometry as desired. A wet electrochemical process, used 

for fabricating microscale cavities and developed at the Laboratory for Optical Physics 

and Engineering, provides an opportunity to investigate plasma characteristic dimensions 

decreasing toward ~ 1 µm. 

In this thesis, basic background of the plasma physics and experimental techniques 

necessary for fabricating structured Al/Al2O3 devices is presented. In order to better 

understand and predict device performance as the characteristic dimensions decrease 

toward ~1 µm, a specific experiment regarding the ignition voltage as a function of 

various device geometries and gas pressures is performed. The goal of this study is to 

determine if the fabricated Al/Al2O3 devices obey Paschen’s Law. 
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CHAPTER 1 

 

INTRODUCTION 
 

Microplasma is a low temperature, nonequilibrium, and weakly ionized plasma confined to 

cavities with characteristic dimensions below 1 mm. Such plasmas are of interest because they 

exhibit characteristics which differ from those of a bulk plasma. Stable glow discharges at 

atmospheric pressure and above, electron densities up to 10
16

 cm
-3

, and power loadings ranging 

from 10
4
 to 10

6
 W·cm

-3
 can be achieved. This high electron density is attractive in studying 

plasma frequencies, Debye length, and the behavior of the negative glow; and the opportunity to 

investigate a previously unexplored region of the plasma space arises as the characteristic 

dimensions decrease to ~ 5 µm, comparable to the thickness of the sheath region.  

Starting from the first successful demonstration of Si-based microplasma devices [1] in the 

late 1990s, devices fabricated in various material platforms have been developed, and their 

applications including optical emitters, photodetectors and electron and ion source have been 

demonstrated [2]. Different platforms studied at the Laboratory for Optical Physics and 

Engineering include inverted pyramid silicon cavities, ceramics, glass substrates, and 

aluminum/aluminum oxide (Al2O3) structured devices. The first Al/Al2O3 structured device was 

demonstrated in 2005 [3], and has been studied for different purposes including plasma physics, 

ultraviolet (UV) and vacuum ultraviolet (VUV) radiation applications, and microdischarge 

thrusters (MCDT) [4]-[11]. Arrays of microcavities in aluminum substrates were, in the 

beginning, mechanically drilled and had cylindrical geometry. In an effort to improve device 

performance, an electrochemical cavity etching process has been developed which has resulted 
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in controlling the vertical cavity wall geometry to a parabolic cross section, and has also 

presented the opportunity to reduce cavity dimensions to below ~ 50 µm [12]-[14].  

Successfully driving microplasma dimensions toward the 1 µm milestone will require an 

improved understanding of the physics of this unique medium. One tool for probing 

microplasmas is to investigate their breakdown voltage to determine if Paschen’s Law is obeyed.  

  



3 

 

CHAPTER 2 

 

BACKGROUND 

 
2.1 DC Plasma Discharge 

Plasma, the fourth state of matter, can be defined as a collection of charged particles which 

exhibit quasi-neutrality ne ≈ Ni
+
 at the macroscopic scale, where ne is defined as the number 

density of electrons and Ni
+
 represents the number density of ions. Electrons are orders of 

magnitude lighter than ions and considered to be the dominant species due to their fast speed as 

compared to ions. The number density of electrons determines the Debye length, λD, and the 

plasma frequency, ωp, which are expressed by the following relations:   

λD = (
ε0kb Te

ne q2 )
1

2                                                             (2.1) 

ωp = (
e2ne

meε0
)

1

2 ,                                                           (2.2) 

where ε0 is the permittivity of free space, Te is the electron temperature in K, and me represents 

the mass of the electron. It should be noted that the Debye length is inversely proportional to the 

square root of the electron density while the plasma frequency is proportional to the square root 

of the electron density.  

Debye length is the minimum distance required to screen out electric fields in plasmas, 

and typically the length of a sheath region is considered as being on the order of a few λD. Even 

though quasi-neutrality holds true for the bulk region, this is not the case for the negatively 

charged cathode region. The sheath region is mostly responsible for accelerating electrons so as 

to gain sufficient energy for the avalanche process, and therefore is considered one of the most 

important regions of the plasma. The negatively charged cathode repels incoming electrons 
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towards the bulk region and the density of electrons becomes much lower than the density of 

ions, creating a negative potential which is expressed as: 

Φ =
−kb Te

2q
ln(

Te m i

Ti me
)  ,                                                      (2.3) 

where Ti is the temperature of the ions and mi is the mass of the ions. A qualitative representation 

of the key regions near the cathode is shown in Figure 2.1. The sheath region is not electrically 

neutral and the current near the cathode is carried primarily by the ions. The ions entering the 

sheath region must satisfy the Bohm criterion, and ultimately may yield secondary electrons.  

 

 
Figure 2.1 Qualitative representations of sheath and presheath behavior near the wall [15]. 
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2.2 Microplasmas  

Microplasma, or microcavity plasma, is a low temperature, nonequilibrium, and weakly ionized 

plasma for which the plasma characteristic dimension is below ~ 1 mm. Some of the plasma 

characteristics resemble those of a DC plasma, but many unique characteristics are also 

observed. First, a stable glow mode discharge can be achieved at atmospheric pressure and 

beyond [9]. This operating pressure differs from many conventional low temperature plasma 

devices operating at pressures of a few Torr or less. Microplasmas have been found to have 

electron densities ranging from 10
13

 to 10
16

 cm
-3

 [16], which are orders of magnitude larger than 

those of conventional low pressure plasma devices such as the fluorescent tube. Because of this 

high electron density, the Debye length is smaller and plasma frequency is higher than the low 

pressure plasma devices. Figure 2.2 shows qualitatively the plasma properties that might be able 

to expect as the characteristic dimensions is varied. As the plasma characteristic dimension falls 

below 1 mm, the opportunity arises to investigate a previously unexplored region of plasma 

science. 

 

Figure 2.2 Qualitative plasma characteristics as the cavity characteristic dimension decreases 

below ~ 1 mm [17]. 
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Even though the microplasma device investigated in this dissertation has been excited by 

a 100 kHz bipolar pulse signal with a duty cycle of 40%, viewing the plasma as a DC system is a 

valid approximation because of the response time of the electrons when the polarity of electrodes 

is reversed. For instance, it can be assumed that the averaged drift velocity of the electrons is on 

the order of ~ 6·10
5 
µm/µs from Equation 2.4 with the approximate Te value of 1 eV. With such 

speed, the electrons can very easily traverse an electrode gap of hundreds of µm, with a pulse 

duration of 4 µs, therefore making the DC discharge assumption valid. 

<v> = (
8kTe

πme
)

1

2                                                               (2.4) 

2.3 Paschen’s Law 

Paschen’s law was discovered by Friedrich Paschen in 1889. This law states that the breakdown 

voltage between parallel plates immersed in gas can be described as a function of the product of 

the operating pressure, p, and the gap between the electrodes, d. Paschen’s law reflects the 

Townsend breakdown mechanism and is derived from the discharge current expression: 

i =  
i0·exp (αd)

{1−γ[exp  αd −1]}
                                                       (2.5) 

where i0 is a constant, α is the Townsend’s coefficient for ionization, and γ is the secondary 

emission coefficient which represents the net number of secondary electrons produced per 

incident positive ion, photon, excited or metastable particle. Gas breakdown is essentially a 

threshold process and only occurs if the induced electric field exceeds a value characterizing a 

specific set of conditions [18]. This implies that the gas medium does not ignite while the voltage 

across a discharge gap is gradually increased and kept under the threshold voltage Vb. Assuming 

the voltage applied to electrodes is gradually increased from 0 to Vb, so that the state of the gas 
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medium is unchanged, the discharge current can be understood in light of two different 

phenomena. With an applied voltage of V << Vb, the induced electric field between the 

electrodes may enhance the speed of some of the seed electrons, which may result in an electron 

impact ionization process. The free electron is also accelerated and repeats this process, which 

can be described as the avalanche process. The avalanche current carried by electrons can be 

expressed as i = i0·exp(𝛼𝑑), whereas the current from ions can be expressed as iion = i0[exp(αd)-

1]. However, as the applied voltage is increased further but kept below Vb, the current saturates 

as most of the charge particles created in the gas reach the electrodes.  

Once the current becomes saturated, then the current becomes dependent on the applied 

voltage. With a further increase of the voltage to V < Vb, some of the generated ions which 

satisfy the Bohm criterion may result in the emission of secondary electrons. The secondary 

electrons generated from a cathode are strongly accelerated in the sheath region and continue the 

avalanche process, which contributes to creating more charged particles. Since all the secondary 

electrons travel the full length of the discharge gap, they create more ionization compared to the 

randomly generated electrons somewhere in the discharge gap. 

From the discharge current equation, it is understood that the plasma is ignited when the 

denominator becomes zero, thereby making the current infinite and self-sustaining. Therefore, 

the necessary condition 1 = γ[exp(αd)-1] is combined with the following expression: 

α

𝑝
= A ·exp(

B
E

𝑝 
)                                                        (2.6) 

where p is the pressure and the constants A and B are experimentally obtained for different 

gases. By substituting the electric field with E=V/d and solving for V, the expression for 

Paschen’s law is obtained:  

Vb =
𝐴(𝑝𝑑 )

ln 𝑝𝑑  +B
= f 𝑝𝑑                                                     (2.7) 
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which is a function of the product of pressure and gap distance. Paschen behavior for various 

types of gases is presented in Figure 2.3 and the constant values of A and B used for plotting the 

curves are presented in Table 2.1. 

Table 2.1 Experimentally determined constants for the ignition voltage expression [18]. 

 

Gas/Constants A (cm-1Torr-1) B (V·torr-1cm-1) 

He 3 34 

Ne 4 100 

Ar 12 180 

Kr 17 240 

Xe 26 350 

Hg 20 370 

H2 5 130 

N2 12 342 

N2 8.8 275 

Air 15 365 

CO2 20 466 

H2O 13 290 

 

Figure 2.3 Breakdown potentials in various gases over a wide range of pd values from 10
-1

 to 10
3
 

Torr·cm on the basis of data given in Table 2.1 [18]. 

 

It should be noted that this law is originally derived from a parallel plate DC discharge 

device with a homogeneous electric field, and may be applied differently depending on the 

device geometry. In the case of microhollow cathode devices with the structure shown in Figure 
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2.4, it has been found that the effective distance for Paschen’s law is the cavity diameter, D, 

instead of the anode-cathode distance d [8]. 

 

Figure 2.4 General diagram of hollow cathode discharge device [19]. 

 

 Device structures developed in the Laboratory for Optical Physics and Engineering in the 

past few years depart from both parallel plates and microhollow cathode devices, and have 

unique structures which are now under study. Cavity dimensions are less than ~200 µm, and 

typically one cavity is placed on top of another cavity as shown in Figure 2.5. For this structure, 

the top cavity diameter is varied from 50 µm to 200 µm and the bottom cavity diameter ranges 

from 0 µm (planar foil) to 200 µm. The foil thickness is varied from 30 µm to 130 µm. 

 

Figure 2.5 Generalized cross-sectional schematic of an Al/Al2O3 microcavity device. 
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In order to better understand the behavior of microcavity devices developed at the 

University of Illinois, experiments determining the device breakdown voltage on devices with 

cavity dimensions of less than 225 µm are performed, with the aid of geometry controlling 

techniques developed by the members of the laboratory with operating pressure of 400 Torr to 

1100 Torr. The history of the development of these techniques is described in Chapter 3. 
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CHAPTER 3 

 

EXPERIMENTAL TECHNIQUES 

 
In this chapter, the two most important experimental techniques required to fabricate Al/Al2O3 

devices for studying Paschen’s law are presented. The growth of anodic aluminum oxide and 

electrochemical etching of aluminum are essential since they provide a convenient and powerful 

tool to precisely control the device sidewall geometries with the precision of ±2 %. The details of 

the two techniques are described.   

 

3.1 Anodic Aluminum Oxide  

Anodic aluminum oxide consists of two different types of layers [20] as shown in Figure 3.1, and 

the key mechanism of the growth process has already been explained in detail [21]-[24]. Due to 

the highly ordered porous structure of aluminum oxide, applications such as the synthesis of 

nanowires, and carbon nanotubes with controllable height and aspect ratio, have received 

significant attention [25]-[27]. This structure also is attractive in studying two-dimensional 

photonic crystals due to its periodic pores of small diameter ranging from tens to hundreds of 

nanometers.  

 

Figure 3.1 Schematic diagram of a porous aluminum oxide [28]. 
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 This periodic porous structure also is known to have superior dielectric properties 

compared to bulk aluminum oxide. For instance, a 20 µm thick nanoporous Al2O3 film is 

measured to exhibit a breakdown voltage of 2000 V which is >60% larger than the breakdown 

voltage of a 40 µm wafer of bulk Al2O3 [29]. From the point of view of an operating dielectric 

barrier discharge (DBD) device, this higher breakdown strength is considered to be significant.  

 Nanoporous Al2O3 is grown onto an aluminum substrate by an inexpensive wet chemical 

process. Graphite or copper plate is used as a counter electrode with the aluminum substrate as 

an anode. The electrodes are then placed in an isothermal bath filled with 15 °C 0.3 M oxalic 

acid and a voltage of < 50 V is applied to the electrodes to grow the structured Al2O3. An 

example of the resulting structured Al2O3 film is presented in Figure 3.2.  

 

Figure 3.2 Cross-sectional SEM image of porous Al2O3 layer on aluminum substrate interface. 

Different regions are magnified to illustrate details of the film [30]. 
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Typically, film thicknesses of 5 ~ 40 µm are grown on aluminum and the growth rate has 

been measured to be ~5 µm/h. Since this Al2O3 growth process is a wet process, various different 

form factors can be conveniently achieved.  

The porous Al2O3, encapsulated on an aluminum substrate is then used to fabricate 

Al/Al2O3 structured microplasma devices. First, aluminum foil is mechanically drilled, and the 

drilled aluminum is then wet chemically anodized at 30 V with 15 °C of 0.3 M oxalic acid for    

6 h. The resulting Al2O3 device is shown in Figure 3.3. 

 

Figure 3.3 (a) SEM image of a segment of an array of Al/Al2O3 devices. Each cavity has a 

diameter of 300 µm. (b) SEM of a portion of the Al2O3 film surface. 

 

Fabricated devices with the sequences of wet processes were operated in various rare 

gases and mixtures of gases such as Ne, Ar, Ne/Ar, Ne/Xe, and Ar/N2, and emission wavelengths 

ranged from the VUV to the visible. For these experiments, the driving voltage of 5~20 kHz is 

sinusoidal with operating pressures ranging from 400 Torr to atmospheric pressure. 
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3.2 Electrochemical Aluminum Etching  

3.2.1 Formation of microcavity 

The mechanical drilling method is limited when reducing the cavity size below ~50 µm due to 

the mechanical strength of the small drill bits. It is also practically limited when the number of 

the cavities in an array increases over ~50. In order to overcome such constraints, a method other 

than mechanical drilling has been developed in our laboratory. This is done by a wet 

electrochemical method that is proven to solve the problems associated with mechanical drilling. 

The generalized process is presented here, but it should be noted that some of the processing 

conditions may be varied when different cavity geometries such as smaller size or different shape 

are desired.  

First, the entire aluminum substrate is anodized in 15 °C of 0.3 M oxalic acid at 40 V for 

0.5 h. Then a 50 x 50 µm square opening window is patterned by photolithography with AZ4620 

positive resist, and the exposed Al2O3 layer is chemically etched away in mixtures of chromic 

acid and phosphoric acid at 50 °C for 0.5 h. Once the 50 µm
2
 Al2O3 layer is selectively removed, 

thereby exposing aluminum to the etchant, the electrochemical etching of aluminum is 

performed in mixtures of perchloric acid and ethyl alcohol at 0 °C with an applied DC voltage of 

30 V. The aluminum etching duration is plotted as a function of aluminum foil thickness. In 

Figure 3.4, the aluminum etching rate is measured to be less than ~ 1.5 µm/min.  

The resulting cavity diameters are dependent on the aluminum etching duration, which 

influences the undercutting of the aluminum. For instance, a 50 µm
2
 opening with a foil 

thickness of 60 µm (±2 µm) and etching duration of 70 min results in ~150 µm diameter cavities. 

Microphotographs of cavities fabricated on foils of different thicknesses are presented in Figure 
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3.5. The smallest cavity fabricated to date is 45 µm in diameter on an aluminum foil with a 

thickness of 40 µm and an opening mask size of 30 x 30 µm.  

 

 

Figure 3.4 Microcavity etching duration as a function of foil thickness. 

 

 

Figure 3.5 Optical micrographs of microcavity arrays fabricated by an electrochemical etching 

process with foil thicknesses of 45, 50, and 52 µm. 
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3.2.2 Microcavity geometry control 

The sequence of wet electrochemical processes which result in creating a parabolic cross-

sectional microcavity is influenced by many parameters such as the dimensions of the square 

opening window, the aluminum foil thickness, stirring rate of the etchant, and the aluminum 

etching duration. The resulting parabolic sidewall contour is caused by the isotropic property of 

the wet electrochemical etching process. Also, the wall geometry can be made linear if the 

refreshment of etchant is limited. In our experiment, the refreshment is limited by reducing the 

opening window dimensions below 50 µm, adjusting the foil thickness, and increasing the 

etching duration for deeper undercutting. The experimentally measured wall geometry curves as 

a function of etching duration with foil thickness fixed at 55 µm are presented in Figure 3.6. As 

shown in the figure, the sidewall of the cavity contour changes as the etching duration increases 

from 60 to 120 min. As the etching duration increases, the lateral etching increases and the 

refreshment becomes harder, disturbing the isotropic property of the process.  

 

 

Figure 3.6 Experimentally fitted cross-sectional cavity wall geometry with aluminum thickness 

of 55 µm with window opening size of 50 µm. 
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The maximum achievable aspect ratio from this fabrication method is measured to be 

~1.1, and the cavity characteristic dimension can be reduced even further if the foil thickness is 

reduced proportionately. The foil thickness can be controlled with an accuracy of  ±3 µm with 

the Al2O3 growth process. An SEM image of a fabricated cavity with top and bottom diameters 

of 150/100 µm (±2 µm) is presented in Figure 3.7. Additionally, the parameters which can be 

controlled are the cavity diameters (L1 and L2), the opening angle of the parabolic wall (Ө), and 

the thickness of the foil (L3). The capability of controlling the cavity wall geometry is useful in 

studying plasma characteristics as the properties of the plasma can be changed due to a different 

electric field distribution in the cavities. 

  

Figure 3.7 SEM image of an Al/Al2O3 cavity with a parabolic cross section and a buried 

aluminum electrode. Cross-sectional view of cavity with an upper diameter of 150 µm and a 

bottom diameter of 100 µm. The diameters of the cavities, the thickness of electrode, and the 

opening aperture angle can be controlled. 
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Controlling the geometry is especially important in the field of fluid dynamics. A 

parabolic wall geometry has proven to be effective for applications which require high Reynold’s 

number (>1500). For example, a new application of microplasmas using the parabolic cross-

sectional Al/Al2O3 devices has resulted in developing microdischarge thrusters (MCDT) for 

adjusting the primary and secondary orbits of small satellites [11]. This work has been conducted 

in collaboration with the Electric Propulsion Laboratory of the Department of Aerospace 

Engineering at the University of Illinois at Urbana-Champaign.  
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CHAPTER 4 

 

EXPERIMENTAL RESULTS 
 

4.1 Motivation 

The effective discharge gap is well defined for the case of DC parallel plates and microhollow 

cathode devices, as described in Chapter 2. However, in the case of the Al/Al2O3 devices 

presented in Figure 2.5, the effective distance of the structure has not yet been determined. As 

the general goal in the future is to continue decreasing the cavity diameter dimensions below a 

Debye length (~5 µm), it is essential to understand how the devices will behave as the cavity 

dimension decreases below ~50 µm. In short, the goal of this chapter is to present the results of a 

series of measurements in which the inter-electrode gap and the cavity diameter have both been 

varied systematically.  

This experimental result will help understand ignition voltage behavior and will be 

referenced when designing future smaller characteristic dimension devices. In addition, this step 

is also essential to considering the electrochemical etching process used when fabricating cavity 

arrays. Since the cavity diameter is a function of aluminum foil thickness (with the highest aspect 

ratio of ~1.1), reducing the foil thickness is unavoidable as the cavity diameter becomes smaller 

than ~50 µm. Therefore, it was necessary to study the effect of reducing the aluminum foil. 

 

4.2 Experimental Setup 

Instead of using the previously proposed device geometry in Figure 2.5, the cavity-to-foil 

overlapped geometry shown in the Figure 4.1 is used for simplicity. The cavity diameter (D1), 

aluminum electrode thickness (d2), vertical and horizontal oxide thicknesses (d3, d4), and total 
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electrode thickness (d5) are controlled by the combination of anodization and electrochemical 

etching processes with a precision of ±3 µm. The flat electrode thickness is kept at a constant 

aluminum thickness of 130 µm for all devices. Cavities are fabricated as described in Chapter 3, 

with etching duration of 120 min, which results in a slightly linear sidewall geometry with the 

top and bottom diameter differences of less than ± 5 µm. 

 Three different parameters –  cavity diameter (D1), aluminum electrode thickness (d2), 

and vertical and horizontal oxide thicknesses (d3 and d4) – are individually varied one at a time 

when all other parameters are held constant.  The cavity diameters are varied from 100 µm to 

225 µm, aluminum thicknesses from 65 µm to 100 µm, and aluminum oxide thickness from 10 

µm to 15 µm; the influence of each parameter on device behavior has been systematically 

studied.  

 

Figure 4.1 Cross-sectional schematic of the Al/Al2O3 cavity-to-foil structured device employed 

in these studies. 

 

 Fabricated devices are evacuated to <10
-6

 Torr and back-filled with research grade Ne gas 

to pressures ranging from 400 Torr to 1100 Torr. The high pressure limit is set by the pressure 

gauge. The lower pressure limit is the result of the 550 Vpp maximum voltage that can be 
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generated from a custom circuit which produces a 100 kHz bipolar signal with a duty cycle and a 

rise time of 40% and 0.3 µs, respectively. Ne gas is selected for its relatively low ignition voltage 

as well as its bright orange color which simplifies detection. The ignition of the plasma was 

identified by using a photodiode with a response time of tens of nanoseconds. Previously 

acquired photodiode response time data for Al/Al2O3 devices indicates that the plasma is ignited 

0.32~0.35 µs after the threshold voltage is applied. Therefore, it can be assumed that the ignition 

voltage is detected instantaneously when observing the photodiode data. 

4.3 Results 

In Sections 4.3.1 to 4.3.3, the series of measurements of the device ignition voltages are 

presented when the three parameters – cavity diameter, aluminum (electrode) thickness, and the 

inter-electrode distance – are varied one at a time with the cavity-to-foil device structure shown 

in Figure 4.1.  

 

4.3.1 Cavity diameter dependence 

The variation of the ignition voltage with the cavity diameter (D1) and various operating 

pressures has been investigated. The cavity diameter is varied from 100 µm to 225 µm with 65 

µm of fixed aluminum foil thickness, and 10 µm of both vertical and horizontal aluminum oxide 

thicknesses. The operating pressure was varied from 400 to 1100 Torr. The resulting 

measurements are presented in Figure 4.2. On the left side of Figure 4.2, the ignition voltage is 

plotted as a function of the product of the gas pressure (p) and the cavity diameter (D1) ranging 

from 4 ~ 27 Torr·cm. However, it should be noted that the minimum ignition voltages for each 

device with different cavity diameters occur at pD1 values of 10, 13.65, 16, 19, and 22.5 Torr·cm. 

This range of values is not reasonable when compared with the Paschen’s law presented in 
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Figure 2.4, and the pD1 values do not follow Paschen’s law.  This can be confirmed from the 

right-hand plot of Figure 4.2, which shows the ignition voltage as a function of measured gas 

pressures from 400 Torr to 1100 Torr. To avoid the confusion of including all five curves, only 

the minimum and the maximum cavity diameters – 100 µm and 225 µm, respectively – are 

plotted. If the cavity diameter were to be the effective distance influencing Paschen’s law, then 

the optimal pressure which gives the lowest ignition voltage of ~270 Vpp must be changed as the 

cavity diameters are varied at 1000 Torr. The graphs nearly overlap each other and they lie 

within the error bars. Therefore, the cavity diameter is not the dimension to be used for 

Paschen’s law. 

 

Figure 4.2 (a) Ignition voltage plot as a function of pD1. Cavity diameters (D1) of 100, 130, 160, 

and 190 µm are tested. (b) Ignition voltage plot as a function of operating pressures from 400 

Torr to 1100 Torr. The cavity diameters of 100 µm and 225 µm are plotted. 

 

4.3.2 Electrode thickness dependence 

The variation of ignition voltage with the electrode thickness (d2) and various operating 

pressures has been investigated. The electrode thickness, d2, is varied from 65 µm to 100 µm 

with 225 µm of fixed cavity diameter and 10 µm aluminum oxide thicknesses. The operating 
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pressure was varied from 400 Torr to 1100 Torr. The resulting plots are presented in Figure 4.3, 

where the left plot represents the ignition voltage as a function of the product of the gas pressure 

and the thickness of the electrode (d2).  

 

Figure 4.3 (a) The ignition voltage plot as a function of pd2. The electrode thicknesses (d2) of 65, 

80, and 100 µm are tested. (b) The ignition voltage plot as a function of the operating pressures 

of 400 Torr to 1100 Torr. The electrode thicknesses of 65 µm and 100 µm are plotted. 

 

The optimal pd2 values which give the lowest ignition voltage from each device are 

measured to be 6.5, 8.4, and 10 Torr·cm. These values are slightly higher than the expected 

range of pd values, and as the thickness of aluminum is varied, shifts of the optimal pd2 values 

have been observed. However, the right-hand plot of the Figure 4.3 implies that this aluminum 

thickness (d2) does not influence Paschen’s law. The right-hand plot of Figure 4.3 shows the 

ignition voltage as a function of the operating pressure. Similar to the cavity dependence plot, 

only the maximum and minimum values of the aluminum thickness have been presented to avoid 

confusion due to closely packed data points. The plots again lie very close to each other within 

the range of the error bars, and no shift of the optimal operating pressure has been observed. 

Therefore, it can be said that the aluminum electrode distance (d2) is also not the correct 

dimension to insert into Paschen’s law. 
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4.3.3 Inter-electrode distance dependence 

The ignition dependence on the inter-electrode distance and various operating pressures has been 

investigated. The aluminum oxide thicknesses (d3) for both the top and bottom electrode are 

varied from 10 µm to 15 µm with fixed aluminum thickness of 65 µm and 130 µm for both the 

cavity-electrode and foil-electrode gaps. The cavity diameter (D1) is fixed at 225 µm while the 

operating pressure is varied from 400 Torr to 1100 Torr. The resulting plots are presented in 

Figure 4.4. The left-hand plot shows the ignition voltage as a function of the product of the gas 

pressure (p) and the inter-electrode distance (2d3). The optimal values of p2*d3 for each device 

were measured to be 2 and 2.85 Torr·cm, respectively. This range of pd values is slightly lower 

than the calculated pd values for neon, but, interestingly, the shift of the optimal pressure which 

provides the lowest ignition voltage has been observed from the right-hand plot of Figure 4.4.  

 

Figure 4.4 (a) Ignition voltage plot as a function of pd3. Inter-electrode gaps (d3) of 10 and 15 

µm are tested. (b) Ignition voltage plot as a function of operating pressures of 400 Torr to 1100 

Torr. Inter-electrode-gaps of 10 µm and 15 µm are plotted. 

 

This plot provides the ignition voltage as a function of operating pressure, and the ~50 Torr 

difference between optimal pressures for the lowest ignition voltages indicates that the effective 
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distance for Paschen’s law has been changed while differentiating the inter-electrode gap by 

growing thicker Al2O3 layers onto aluminum electrodes. Even though the measured values of pd3 

fall into a slightly lower range of the predicted values, the shift of the right-hand plot of Figure 

4.4 indicates that modifying the inter-electrode gap must be more appropriate for the Paschen’s 

law. 

4.4 Conclusion 

 In conclusion, Al/Al2O3 microplasma devices with cavity-to-foil structure have been 

fabricated by sequences of wet electrochemical processes. The cavity diameters, electrode 

thickness, and inter-electrode gap have been systematically varied to investigate whether the 

Al2O3 devices obey Paschen’s law. The experimental results show that cavity diameter and 

electrode thickness of 65~225 µm and 65~100 µm, respectively, do not satisfy the Paschen’s law 

due to absence of optimal operating pressure differences when each parameter is varied. When 

changing the inter-electrode distance from 20 µm to 30 µm, however, ~50 Torr of optimal 

operating pressure has been observed and the resulting minimum pd values ranged from 2~2.85 

Torr·cm. The minimum pd values are off by a factor of approximately two compared to the 

Paschen curve presented in Figure 2.4, but it is evident that the inter-electrode gap is appropriate 

for Paschen’s law. Further studies with a wider range of inter-electrode distances, pressures, and 

applied voltages will be performed in the future.   
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