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ABSTRACT 

CHARACTERIZATION OF A PLASMA REACTOR DEVICE FOR PHOTOVOLTAIC APPLICATIONS 

Heated pocket deposition (HPD) sources are used for the rapid manufacture of thin film 

CdS/CdTe photovoltaic devices.  Standard lab devices produced at CSU by the HPD process have 

achieved efficiencies of 13%.  New process methods are required to further improve the quality 

of the films, increase cell efficiency, and reduce production costs.  A plasma-enhanced, close-

spacing sublimation (PECSS) technique has recently been developed as a candidate process 

method.  It has been successfully used to eliminate pin holes, to dope CdS with oxygen, and 

dope CdTe absorption layers; all of which have resulted in higher device efficiencies.  In this 

work we present measurements describing the properties of the PECSS plasma.  Specifically the 

uniformity of the ion current flux to the substrate is presented for nitrogen/oxygen and argon 

feed gases by means of in situ surface probes fabricated by segmenting a transparent 

conductive oxide film that is laid over the glass.  Plasma properties within the PECSS processing 

chamber are also presented including plasma density, electron temperature, and plasma 

potential.  Operational characteristics and scaling of PECSS are presented for pressures of 100-

300 mTorr and surface areas of 160 – 1700 cm2.  A three-dimensional model was developed to 

calculate plasma production and transport processes, and to gain a greater understanding of 

the role of energetic primaries versus bulk cold electrons on spatial ionization rates that 

develop within the PECSS plasma as a function of gas pressure and geometry.  Comparisons 

between the model and experimental measurements are presented and good agreement has 

been observed when the appropriate spatially varying ionization rates are estimated.  This work 
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also presents the development of a diagnostic test bed that will be useful for future work in the 

development and understanding of the PECSS technique.     
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CHAPTER 1: INTRODUCTION  

Plasmas are a collection of electrons, ions, and neutrals in the gaseous state, and they 

are used in a variety of applications including thin film processing.  Plasmas can be formed in 

many ways including electrodes powered by RF (capacitive and inductive) [Hopwood (1992), 

Anders (2005)], microwave [Croslyn et al (1997)], and DC-DC Pulsed [Conrad et al (2000)] power 

supplies.  In DC glow discharge plasmas a wire or plate is biased to a voltage positive of a 

cathode electrode.  The plasma formed in DC glow discharges are used in items such as neon 

signs, fluorescent lights, and plasma televisions.  This thesis is concerned with characterizing 

plasma formed within heated pocket deposition geometries used in the production of thin film 

photovoltaic (PV) cells.  Background information on DC glow discharges that are enhanced by 

hollow cathode electrostatic confinement of electrons is presented below, followed by a 

discussion on the focus of this thesis.     

1.1 Background 

 Many studies have been performed on wire anode discharges [McClure G.W. (1963)], 

also commonly referred to as saddle field discharges [McIlraith et al (1966)] and wire ion 

plasma sources [Harvey et al (1987)]. The typical, most studied, configuration of the wire anode 

discharge is that of a cylindrical tube held at cathode potential with a thin wire held at anode 

potential that is passed down the centerline of the tube.  In addition to plasma production, 

these discharges have been used for DC and pulsed-DC electron and ion beam formation 

[Chalise et al (2003)].  More recently Gueroult et al (2010) describe a model of a wire-induced 

plasma source operated in a low pressure mode.  They demonstrate that when the electron 

mean free path exceeds the physical length of the discharge chamber effective confinement of 
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the primary electrons occurs and enhances plasma production rates.  Their model also 

confirmed the general operational characteristics of previous experimental and theoretical 

work on these discharges with one important finding being that ions strike the cathode wall 

with an energy corresponding to the anode-to-cathode potential difference.  These ions 

produce secondary electrons, which are in turn accelerated from cathode potential into the 

positively biased plasma region where they ionize neutrals, heat plasma electrons, and sustain 

the plasma.  These energetic electrons are also referred to as primary electrons.  In subsequent 

work, Gueroult et al (2011) employed a retarding potential analyzer to confirm experimentally 

that energetic ions were striking the cathode surfaces.  These ions can sputter and 

subsequently texture the cathode.  Neutrals excited to metastable states by primary and 

plasma electrons can come in contact with the cathode and drive surface modifications.  

Diatomic and polyatomic neutrals can be dissociated into atoms and radicals through action by 

primary and plasma electrons and also drive surface changes.  Finally photons produced by 

emission from excited neutrals in the bulk plasma can cause surface effects.  Constituents 

within cold plasmas are not in thermodynamic equilibrium and electron temperatures are 

significantly higher than gas, ion, radical, and ion temperatures.  The many constituents that 

appear in glow discharges are shown in Figure 1-1 [Tanarro et al (2007)].  The strong 

electrostatic trapping of electrons in hollow cathode and saddle field plasma reactors, leads to 

increased plasma densities and enhanced ionization, dissociation, excitation, and sputter rates.  

Similar transparent anode DC plasma discharges can be created with plate anodes located 

outside of the cathode cavity.  This type of configuration is often referred to as a hollow 
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cathode, and are advantageous because they do not require complex source design nor the use 

of magnets.  

 

Figure 1-1.  Typical species concentrations found in glow discharges as described by Tanarro et 

al (2011) 

 Hollow cathode-formed plasma has also been used to enhance the formation of films 

made by chemical vapor deposition (CVD).  Increased photovoltaic (PV) efficiencies were gained 

through plasma enhanced CVD (PECVD), as described by A. Shah et al (1999) in crystalline 

silicon solar cells.  Efficiencies in their cells went up from 8.5% to 10.1% with plasma treatment.  

Rech et al (2003) used large area PECVD to create thin film microcrystalline silicon solar cells 

and showed scaling up to substrate sizes of 30 cm x 30 cm.  In a similar study, Johnson et al 

(2008) examined the effects of substrate bias on the growth of microcrystalline silicon to 

determine the useful operating regime of very large area reactors with substrates up to 500 

cm2, pressures ranging from 100 to 300 mTorr, and electrical biases from 100 to 250 V.  Saddle 

field discharges have also been used to assist the deposition of hydrogenated amorphous 

carbon films, as explained by Sagnes et al (1999).  In their study the cathode consisted of two 
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parallel plates acting as substrate holders which were placed on either side of a wire anode.  

Hollow cathode inspired geometries have also been used to texturize metal surfaces for 

biomedical applications [Riedel et al (2012), Riedel (2012)], large area surface treatments and 

depositions on polyethylene, tapes and wires  [Barankova et al (2001), Koch et al (1991)], and in 

non-PV related chemical vapor deposition processes [Singh et al (1988), Bardos et al (1997), Joo 

(2011)].  Hollow cathode discharges have also been used by Schrittwieser et al (2010) as a 

means for low cost titanium sputtering.   

 The voltage bias applied to the anode to initiate plasma production, known as the 

breakdown voltage, can be very large depending on electrode configuration. The Paschen curve 

describes the breakdown voltages for different process gases based on pressure and electrode 

separation distance (Pd).  Urai et al (1997) described a pulsed hollow cathode discharge in 

which the breakdown voltage of the source was lower than the value expected from the 

Paschen curve for several process gases.  This is important because lower breakdown voltages 

will cause less stress on operating equipment.    

 In our group, Swanson et al (2012a) recently used a plasma-enhanced close-spacing 

sublimation (PECSS) technique to improve the efficiency of CdTe PV devices.  Specifically the DC 

hollow cathode plasma produced in the PECSS reactor was used to clean a substrate prior to 

deposition of the CdS window layer.  The plasma cleaning process was found to nearly 

eliminate pinholes.  In subsequent PV cell fabrication work by Swanson et al (2012b) the pre-

deposition, plasma cleaning process enabled thinner CdS layers to be used, which increased the 

short circuit current, open circuit voltage, and cell efficiency.  Finally Swanson (2012c) has 

shown that (1) operation of the PECSS device in O2 during the deposition of CdS improves 
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transparency of the window layer by formation of oxygen doped CdS and (2) operation of the 

PECSS in N2 during the deposition of CdTe improves carrier density by the formation of nitrogen 

doped CdTe.  Successful nitrogen doping may reduce or eliminate the need for copper doping. 

1.2 Research Focus   

 The use of a wire anode or a remote plate anode to produce plasma in heated pocket 

deposition (HPD)/close-spacing sublimation (CSS) geometries is unique, and this thesis presents 

measurements of plasma properties produced in the geometries introduced by Swanson et al 

(2012a,b,c). A diagram of the PECSS diagnostic source is shown in Figure 1-2.  The PECSS 

diagnostic source measures 7.3 cm x 6.6 cm x 1.9 cm below the mesh with an additional 0.6 cm 

in height above the mesh and below the glass substrate.       
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Figure 1-2. (a) PECSS diagnostic source cutaway, (b) PECSS Diagram (i) without a mesh and (ii) 

with a mesh 
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 The TCO-coated substrate, conductive side down, is placed on top of the PECSS device 

and electrically connected to the cathode.  The TCO-coated glass is the surface on which the 

semiconductor material is deposited for the manufacture of CdS/CdTe PV devices.  The mesh is 

placed in the source to separate the active plasma from the drift plasma and controls the 

intensity of the plasma next to the substrate.  The mesh is cut away in Figure 1-2a for easier 

viewing of the source but it spans the entire pocket when in use.  In Figure 1-2b the two 

configurations of the PECSS device are shown.  With no mesh the TCO-coated substrate is part 

of the plasma production circuit.  Fast moving ions strike the substrate along with the other 

cathode surfaces at high flux and emit secondary electrons, which sustain the discharge.  With 

the mesh in place electrons in the drift region have low energy and do not contribute to 

significant plasma production.  Plasma does exist here due to ions drifting from the active 

plasma region through the mesh.  These ions can strike the surface of the substrate but with 

lower flux and lower energy compared to the operation without the mesh.  This topic is further 

discussed in Section 3.5, where the ion current flux present at the TCO-coated surface is 

compared with and without the mesh in place.  The gas feed inlet and injection ports allows for 

process gas to be fed through the bottom of the pocket and more evenly distributed through 

the PECSS device.  The series of probe access points on the right side of the source allow for 

Langmuir probes (not shown) to be inserted into many locations of the pocket to adequately 

characterize the spatial properties of the plasma.  The device shown, setup with plate anodes in 

Figure 1-2a, has the ability to also be run with a wire anode if desired using the wire anode feed 

through holes located on the side walls of the source.        



8 
 

 To strike the plasma in the PECSS device, the pressure in the pocket is first brought to 

the desired range by feeding in the process gas.  Next, the high voltage power supply, which is 

connected to the anode, is turned up until the required breakdown voltage is reached at which 

point a plasma will fill the pocket at which point the operating voltage will drop into the 300-

500 V range.  The remotely located plate anodes allow for the hollow cathode discharge to exist 

without the physical presence of a hot wire anode.  This allows for more uniform treatment of a 

surface in processes like CdS/CdTe film growth that are sensitive to substrate temperature.  In  

Section 3.6 data are presented on PECSS, with plate anodes, operating characteristics including 

discharge current and voltage with and without the mesh in different pressure ranges.  

Operating characteristics are also presented for a wire anode without the mesh for 7.3 cm x 6.6 

cm x 1.9 cm geometry.  Further the scaling of the PECSS technique was investigated using a 36.8 

cm x 40.6 cm x 3.2 cm pocket with a thin wire anode run.  The larger surface area allowed for 

operation at lower neutral compared to the smaller pocket.  Operating characteristics of the 

larger source are also presented in Section 3.6.  

 To characterize the discharge present in the PECSS sources several electrostatic probes 

were used.  Langmuir probes were used to measure properties in the plasma such as electron 

temperature, plasma density and plasma potential.  The theory of Langmuir probes including 

the development of probes for this research is discussed in Section 2.3.  Data were collected in 

both the discharge and drift regions of the PECSS diagnostic source and the results are 

compared in Section 3.2.  An emissive probe was also used to verify the results of the Langmuir 

probe.  Discussion of the emissive probe including probe construction and results are included 

in Section 3.3.  A substrate with a segmented TCO-coated surface was used to measure the ion 
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current density strikes the glass as a function of position.  Each segment was isolated from one 

another by laser scribe lines.  Profiles of the ion current are plotted and discussed in Section 3.5 

under varying pressure and power densities.  The experimental ion current profiles were 

compared with a three-dimensional mathematical model of the PECSS reactor.  Good 

agreement between the model and spatial trends in experimental measurements was 

observed.        

 As mentioned earlier, three-dimensional numerical modeling was performed on the 

PECSS reactor to calculate plasma production rates and transport processes. An earlier 

numerical model, as described by Makarov et al (2006), of a cylindrical cathode with a thin 

anode wire showed that high energy electrons (primaries) are the main driver of ionization, and 

our 3-d model of the more complicated PECSS geometry suggests that this is also true.  Results 

obtained from our model are compared to experimental measurements in Section 4.3, and, 

although good agreement was found, our simple model would be improved if spatially varying 

EEDFs were used.  One important finding uncovered in both experimental and modeling results 

is that the primary electrons emitted from the wall lead to high ionization rates in the corner of 

the source where four wall surfaces meet.  The enhanced ionization rates in these regions help 

to offset strong diffusion losses that occur at these corners.  These offsetting effects led 

unexpectedly to very uniform plasma over a majority of the source.  Others have performed 

more elaborate numerical studies on hollow cathode geometries to determine properties such 

as the electron energy distribution function (EEDF) [Hashiguchi et al (1991)], electron densities, 

and potential profiles [Bogaerts et al (2002), Kutsai et al (2000)].  In future work presented in 
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section, it is recommended that these more elaborate models be adapted to the PECSS plasma 

source.  
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CHAPTER 2: MATERIALS AND METHODS 

 The focus of this chapter is on describing the PECSS device and the vacuum test facility.  

The diagnostic tools used to characterize plasma properties are also described.   

2.1 PECSS device and setup  

Two nearly transparent anode configurations were used to strike and maintain a 

discharge.  They included a thin wire, approximately 0.254 mm in diameter, made out of 

tungsten, passed through the middle of the source cavity and plate anodes that were placed on 

opposing sides of the cavity as shown in Figure 1-2b.  In the plasma cleaner configuration 

described by Swanson et al (2012a), the discharge is bounded by the graphite crucible at the 

sides and below and by the TCO-coated substrate above.  In this configuration the TCO-coated 

substrate is an active component of the plasma production circuit (See Figure 1-2b (i)).  In the 

PECSS geometry the discharge is bounded again by the graphite crucible at the sides and below, 

however it is bounded by a mesh above (See Figure 1-2b (ii)).  In the PECSS geometry the TCO-

coated substrate is not part of the plasma production circuit, but it is exposed to plasma that 

diffuses from the active region.  Both plasma cleaning and PECSS configurations closely 

resemble the heated pocket deposition sources used for CdS/CdTe photovoltaic manufacturing 

at Colorado State University. 

The discharge developed in the PECSS device exhibits several modes.  Some of these 

modes are immediately useful for processing while require further investigation to be of use for 

PV cell processing.  A diagram showing the approximate operational range over which different 

plasma modes occur is shown in Figure 2-1.  Depictions of varying operating modes of the 

discharge are shown in Figure 2-2.  The oscillating discharge occurs at very low discharge 
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currents.  At this condition the voltage of the power supply increases until breakdown occurs, 

however the current is not high enough to maintain the discharge and it extinguishes.  Next the 

voltage increases until breakdown occurs again.  The oscillation frequencies were between ~5 

and 50 hertz.  In this oscillatory mode the visual glow of the discharge fills the entire pocket at 

the time the discharge strikes.  The oscillation frequency increases as the discharge current is 

increased.  The partial pocket, moving plasmoid operating regime the discharge does not fill the 

PECSS device and instead a plasmoid (globular plasma) is observed to slowly move around the 

pocket.   At higher discharge currents the plasma transitions to a stationary plasmoid mode.  

The entire pocket is filled with plasma at neutral gas pressures above ~150 mTorr.  The 

discharge is visually uniform and represents the mode most desirable for substrate cleaning and 

semiconductor deposition in this regard.  

 

Figure 2-1. Approximate operating modes of plasma formed within a PECSS source.  See Figure 

2-2 for more information. 



13 
 

 

(a)    (b)    (c) 

Figure 2-2.  Operating modes of the PECSS device (a) partial pocket, moving plasmoid; (b) 

partial pocket, stationary plasmoid; (c) full pocket, uniform plasma discharge 

2.2 Vacuum Facility 

 All tests on the 7.3 cm x 6.6 cm x 1.9 cm PECSS source were performed in a 0.64 m 

diameter by 0.76 m tall stainless steel bell jar evacuated by a mechanical roughing pump.  The 

base pressure of the system was 10 mTorr without any gas introduced into the chamber.  This 

pressure was obtained after 20 minutes of pump down time.  The pocket pressure was raised to 

between 40-300 mTorr by flowing either 100% argon or a 98% nitrogen, 2% oxygen mixture of 

gas into the vacuum chamber.   

2.3 Langmuir Probe 

 To characterize the plasma produced within the PECSS discharge, Langmuir probes were 

installed as shown in Figure 2-3.  They were constructed using ceramic tubing and thin tungsten 
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wire.  Photographs of the PECSS sources are shown in Figure 2-3b and c.  The source in Figure 2-

3c was designed such that probes could be placed in many locations to more thoroughly 

characterize the discharge.  As described by C. Farnell (2007) a Langmuir probe consists of a 

conducting electrode that is placed in a plasma and biased to collect ion and electron current.  

Based on the current-voltage characteristics of the probe, discharge properties such as plasma 

density, electron temperature, and plasma potential can be determined [Farnell (2007), Beal 

(2004), Herman et al (2004a), Goebel (2005)].  A diagram of the Langmuir probe circuit used in 

this research is shown in Figure 2-3a. 

A data acquisition system with both a voltmeter and ammeter was used with LabVIEW 

to record the current-voltage characteristics of the probe.  A bipolar DC power supply capable 

of outputs between -100 and 100 volts and -4 to 4 A was used to sweep the probe.  A typical 

current-voltage curve is shown in Figure 2-4. 

There are several different regions in a Langmuir probe trace.  Floating potential occurs 

when the electron and ion current collected at the probe are equal.  At potentials that are 

significantly below floating potential (See Fig. 2-4), in the ion saturation region, electrons are 

repelled from the probe and mostly ions are collected.  The voltage range between ion 

saturation region and plasma potential is known as the electron retarding region where both 

ions and electrons are collected to the probe.  Above plasma potential no ions are collected to 

the probe and only electrons are collected.  In a very dense, small Debye length plasma the 

current collected above plasma potential would not increase with increasing bias voltage, 

however, in most plasmas, as the voltage is increased, the electron collecting sheath becomes 

larger and more electron current is collected.   
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Figure 2-4. Typical current-voltage characteristics from Langmuir probe in PECSS device 

 Thin sheath analysis can be used when the probe radius is much less than the Debye 

length.  The Debye length, λD, is given in Eq. (2-1).  In the plasma produced in the PECSS 

geometries, the Debye length is comparable to the probe diameter so thick sheath analysis 

must be performed [Baldwin et al (2011)].   

    
        

     
     (2-1) 

In the Eq. (2-1), ε0 is the permittivity of free space, kB is Boltzmann’s constant, Te is the electron 

temperature, e is the charge on an electron, and ne is the plasma density. 

When analyzing a Maxwellian electron distribution the electron temperature can be 

determined using Eq. (2-2) when fit to the curve in the electron retarding region after 

subtracting off the ion saturation current [Farnell (2007)].   
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     (2-2) 

 In Eq. (2-2), Ip is the probe current and Vp is the probe voltage.   Once the electron 

temperature is known the plasma density can be found using equation 2-3. 

   
               

           
      (2-3) 

 In Eq. (2-3), Isat,electron is the current of measured at plasma potential, Aprobe is the area of 

the Langmuir probe, and ve is the thermal velocity of an electron.  The thermal velocity of an 

electron is given in Eq. (2-4).  

    
      

    
      (2-4) 

In Eq. (2-4), me is the mass of an electron.  Sources of error can appear when taking and 

analyzing Langmuir probe data.  The probe may perturb local plasma properties and there can 

be non-Maxwellian electrons within the plasma, such as primaries from cathode surfaces.  

Furthermore poor estimations of ion and electron saturation currents can lead to inaccurate 

calculations of electron temperature and plasma density.  It is generally accepted that errors of 

±25% exist in estimation of plasma density and errors of ±2V in plasma potential and ±0.2eV in 

electron temperature.   Discussion of the Langmuir probe results are presented in Section 3.3.   

2.4 Emissive Probe 

 Emissive probes have been used in a variety of plasma devices to measure plasma (or 

space) potential [Williams (1991), Herman et al (2004b), Smirnov et al (2004)].  An emissive 

probe was installed in the PECSS sources to measure the plasma potential and compare it to 

the one found using the Langmuir probe.  When initially placed inside a plasma a surface will 
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float at a potential where the current of electrons and ions are equal.  Surfaces will typically 

float a few volts negative of plasma potential to partially repulse the electrons, which have 

much higher mobility than the ions.  A circuit diagram of the emissive probe is shown in Figure 

2-5a, along with a photograph of the probe in Figure 2-5b. 

DC Power Supply

V

Ceramic Insulator

10 kOhm

10 kOhm
Plasma

 

(a) 

 

(b) 

Figure 2-5. (a) Emissive probe circuit diagram and (b) emissive probe photograph  
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 To create the emissive probe used in this research a hole was drilled through a socket 

head cap screw.  A ceramic tube was then potted into the screw.  The ceramic has two holes 

which accommodate 0.813 mm O.D. nickel capillary tubes in which a thin tungsten wire (0.0762 

mm diameter) loop is crimped.  Once the tungsten wire is crimped into the capillary tubing, the 

tubes are pulled back through the ceramic, leaving only the thin wire loop exposed.  If the thin 

wire breaks due to overheating, the filament can be quickly replaced by crimping in a new 

filament.  This process can be repeated until the nickel capillary tubing is too short to pass 

through the ceramic.  A wire anode source with both emissive and Langmuir probes placed 

inside is shown in Figure 2-2b.  Discussion of the emissive probe results are in 3.4. 

2.5 Scribed Glass Probe 

 To determine the overall uniformity of the ion current striking the substrate, a TCO-

coated surface was segmented using a laser scribe to create isolated, conductive, 5-mm-wide 

strips on the glass.  Fourteen strips were created and were connected a resistor bank and then 

tied to cathode potential as shown in Figure 2-6.  By measuring the voltage drop across each 

resistor, the ion current as a function of strip position was measured.   

The ion current striking the surface cleans the TCO or modifies the semiconductor 

material being deposited on the substrate.  Hence, measure of ion uniformity is important to 

document the expected treatment.  Discussion of the ion current measurements to the TCO 

surface is contained in Section 3.5 of this thesis.  
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Figure 2-6.   TCO- coated substrate wiring diagram on plate anode source 
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CHAPTER 3: RESULTS AND DISCUSSION 

This chapter presents measurements of electron temperature, plasma density, and 

plasma potential obtained by Langmuir and emissive probes positioned in the active and drift 

plasma regions of the PECSS discharge.  In addition, ion current profiles are presented, which 

document the uniformity of the plasma over the substrate. 

3.1 Plasma Cleaner Geometry 

When the PECSS device is used as a pre-deposition cleaner of a TCO-coated substrate, 

the substrate is in direct contact with the active plasma. A picture of the wire anode PECSS 

device being used as a pre-deposition cleaner is shown in Fig. 3-1.  The substrate, which is held 

at cathode potential, can have one of several reactions occur when an ion strikes it.  Ions 

striking the cathode surface deposit their kinetic energy into the surface liberating secondary 

electrons and sputtering cathode atoms.  In addition plasma ions can implant into a surface and 

be incorporated interstitially or substitutionally into the material. 

Swanson et al (2012a) used a Scanning White Light Interferometer (SWLI) to view CdS 

layers that were deposited onto TCO-coated substrates that were plasma cleaned.  SWLI data 

are shown in Fig. 3-2 (a) and (b) for both the plasma cleaned and control substrates.  When a 

substrate is cleaned using aqueous-based cleaning [Swanson et al (2012a)], pinholes appear in 

the CdS layer, which degrade the performance of solar cells by forming small shunting diodes 

between the TCO and CdTe films.  The resulting pinhole formation is observed in Fig. 3-2(a) for 

the control substrate.  Examination of the SWLI data presented in Fig. 3-2 (b) indicates that pre-

deposition plasma cleaning of the substrate completely eliminated the pinholes in the CdS 

layer.  Elimination of pinholes allowed for thinner layers of CdS to be used, which increased 
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light transmission to the CdTe layer in a full device formed from the plasma cleaned surfaces.  

With the thinning and the elimination of pinholes; the PV cell efficiency, fill factor, and short 

circuit current increased.  The pre-deposition plasma treatment used by Swanson et al (2012a) 

with operating conditions of 200 mTorr nitrogen/oxygen (98%/2%), 30 mA, is characterized in 

this thesis along with many other similar operating conditions. 

 

Figure 3-1. Wire anode PECSS device running as a pre-deposition cleaner. 

 

(a)       (b) 

Figure 3-2. (a) SWLI data showing pinholes present in the CdS after standard cleaning of the 

substrate, (b) SWLI data showing the CdS layer created after pre-deposition plasma cleaning 

[Swanson (2012c)]. 
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3.2 Deposition Mode Geometry 

In addition to cleaning, plasmas can be helpful when depositing films within heated 

pocket deposition sources.  In deposition mode, the glass, still held at cathode potential, is 

separated from the active plasma production region by a mesh and drift plasma region as 

described in Sections 1.2 and 2.1.  This allows ions to drift through the mesh and strike the TCO-

coated substrate at lower flux levels and with improved uniformity. 

3.3 Langmuir Probe Results 

Plasma density and electron temperature data measured with a Langmuir probe 

positioned in the active discharge region are shown in Fig. 3-3.  As the discharge current is 

increased the Maxwellian electron temperature decreases from 5 eV to 1 eV.  The plasma 

density increases with increasing discharge current because (1) the ion current density flux to 

the wall is directly proportional to the discharge current, (2) the electron temperature is 

relatively constant, and (3) the ion flux is directly proportional to plasma density.  It is noted 

that the electron temperature and density are too low to sustain the ion production rate in the 

PECSS discharge.  Instead, it is believed that primary electrons are mostly responsible for ion 

production in the discharge, which is supported by numerical modeling as discussed in Chapter 

4 of this thesis. 

Langmuir probe results from the drift region of the PECSS device are shown in Fig. 3-4.  

In this region the plasma densities are similar to those in the discharge region, for the same 

discharge current settings.  In addition, the electron temperatures are a factor of 10 to 15 times 

lower than those measured in the discharge region.   
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Figure 3-3. Langmuir probe results in the active discharge region of PECSS, plate anode source, 

200 mTorr N2/O2 (98%/2%) and argon. 
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Figure 3-4. Langmuir probe results taken in drift region of PECSS, plate anode source, 200 mTorr 

N2/O2 (98%/2%).  See Fig. 3-3 to compare to active region data. 

The plasma potentials which are measured with the Langmuir probe in the active 

discharge region typically are a few volts negative of anode potential.  The plasma potential 

does not vary greatly when the discharge current is varied.  One very important finding, 

however, was that the plasma potential in the drift region of the PECSS device was only a few 

volts above cathode potential.  This result suggests that ions would be accelerated from the 

active region into the drift region where they would impact the substrate during film growth.  

These energetic ions would assist the film by adding energy and allowing atoms to move and fill 

defect sites. 
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3.4 Emissive Probe Results 

An emissive probe was used to measure plasma potential in both the active discharge 

region and drift plasma region.  This probe was used to confirm measurements of plasma 

potential made with the Langmuir probe.  Emissive probe results are shown in Fig. 3-5 in a plot 

of probe floating potential versus filament heating current.  At heating currents above 1 A, the 

floating potential saturated at a value very close to anode potential.  Typically, plasma potential 

is near the anode potential, which holds true for both the Langmuir and emissive probe data 

presented in this thesis when the probes are positioned in the active discharge region and 

when the full pocket, uniform plasma operating condition was established. 

 

 

Figure 3-5. Emissive probe data collected within the wire anode PECSS device. 

The floating potential and plasma potential of the drift plasma are shown in Fig. 3-6 
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obtained with the Langmuir probe.  Floating potential, which occurs when the filament current 

is zero, varies by a few volts over a discharge current range of 10 mA to 50 mA.  As the 

discharge current is increased from 10 to 50 mA the plasma potential in the drift plasma 

increases from ~3-7 V.  The ions which are present in the drift region are generated in the 

active plasma region below the mesh.  In deposition mode the passing through the drift region 

can be incorporated into the semiconductor film and assist the deposition in other ways as 

mentioned earlier. 

 

 

Figure 3-6. Emissive probe results obtained in drift plasma. 
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3.5 Segmented Glass Results 

A TCO-coated glass substrate was segmented into isolated 5 mm wide by 65 mm long 

strips using a laser scribe.  The scribed TCO glass was then placed over the PECSS device and the 

ion current striking the strips was measured for several discharge currents and neutral gas 

pressures.  Figure 3-7 shows the ion current to the TCO strips at as a function of strip position.  

When there is no mesh in place, the ion current profiles have two peaks that move toward the 

wall as the pressure is increased.  These peaks occur at about two ionization free paths (of the 

primary electrons) from the graphite side walls.  The mean free path of a primary electron 

decreases as the pressure is increased, and this is believed to be the reason why the strip 

current peaks move toward the wall as pressure is increased.  The ionization rates in the 

regions of intersections between top, bottom, and side walls are believed to be higher 

compared to the centerline regions where only two walls (top and bottom) are nearby.  The 

beam of primary electrons that flows off of a wall results in an initial primary electron 

concentration that drops off as a function of distance from the wall.  The primary electron 

concentrations add from each wall and are higher in corner regions.  Ion production rates are 

proportional to the primary electron concentration and neutral gas density, and strip ion 

current is proportional to ion production rates directly above the strip.  Hence one would 

expect the strip ion current to peak on each side of the discharge where ionization rates and 

primary electron concentrations are higher. 
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Figure 3-7. Strip ion current to the substrate with scribe lines oriented perpendicular to 

graphite walls where the anode plates were installed.  Data are shown with and without the 

mesh present in a N2/O2 (98/2%) gas mixture and with a 50 mA discharge current. 

Figure 3-8 shows similar results to those in Fig. 3-7; however these data were collected 

with the TCO strips oriented parallel to the walls where the anode plates were installed instead 

of perpendicular to them.  The ion current to the strips near the centerline is higher compared 

to when the strips are oriented perpendicular to the anode plates due to the fact that no 

secondary electrons are produced at the anode plates.  The ion current profiles shown in 

Fig. 3-7 and Fig. 3-8 are similar for all discharges that operate in the uniform, full pocket 

operating mode. 
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Figure 3-8. Ion current resolved at substrate with scribe lines parallel to plate anodes with and 

without the mesh in N2/O2 (98/2%) mixture at 50 mA discharge current. 

When a mesh is placed in the PECSS device the strip ion current at the TCO glass surface 

decreases the ion current by a factor of 5-10.  In addition, when the mesh is in place, the ion 

strip current is more uniform than without the mesh in place.  The percentage of total ion 

current to the TCO relative to the discharge current with and without a mesh is shown in 

Fig. 3-9. 
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Figure 3-9. Percent of discharge current which strikes the TCO-coated substrate, comparing 

with and without a mesh in a N2/O2 (98/2%) mixture at neutral gas pressures ranging from 100-

300 mTorr. 
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current reaching the TCO remains the same regardless of discharge current changes.  The 

neutral gas pressure plays a more significant role in the fraction of discharge current which 

reaches the TCO.  When no mesh is in place the fraction of discharge current reaching the TCO, 

about 35%, is fairly stable regardless of neutral gas density.  When the mesh is in place, the 

affect between the neutral gas densities is more pronounced.  As the neutral gas density is 

increased, the ions, which drift from the active plasma region, have an increasing number of 

collisions.  Note that whether or not a mesh is used the lower the neutral gas density in the 

PECSS device the larger fraction of discharge current reaches the TCO. 

In Fig. 3-10 the ion current to the TCO strips is plotted when the non-uniform, moving 

plasmoid operating mode was present.  The operating mode shown in Fig. 3-10 is not only 

visually non-uniform but also non-uniform in the ion current profiles to the TCO-coated 

substrate.  This operating mode is not ideal for pre-deposition plasma cleaning or deposition as 

the treatment of the substrate would be very non-uniform. 

3.6 Current-voltage Characteristics 

The current-voltage characteristics for both the 7.3 cm x 6.6 cm x 1.9 cm and 36.8 cm x 

40.6 cm x 3.2 cm wire anode sources are shown in Fig. 3-11 and Fig. 3-12.  The discharge 

voltages for the larger wire anode source are approximately 50 volts lower than those of the 

smaller anode plate source.  Both the wire and plate anodes used in the smaller source show 

similar current voltage characteristics where the wire anode discharges were ~50 V lower than 

the anode plate discharges. 
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Figure 3-10. Ion current resolved at substrate when a moving plasmoid operation mode is 

present. [N2/O2 (98/2%) gas mixture, 10 mA discharge current]. 

 

Figure 3-11. Current-voltage characteristics of PECSS device equipped with plate anodes that 

was operated with a 98%, 2% N2/O2 gas mixture. 
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Figure 3-12. Current-voltage characteristics of the larger 36.8 cm x 40.6 cm x 3.2 cm wire anode 

source operated on a 98%, 2%  N2/O2 gas mixture.  Note that the discharge current values are 

higher and scale with cathode area. 
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voltage until breakdown occurs again.  This process was observed over a range of low discharge 

currents.  Visually, the plasma appeared to fill the entire PECSS device immediately after the 

breakdown voltage was exceeded. 

 

Figure 3-13. Oscilloscope reading of current and voltage characteristics when oscillating plasma 

is present. 
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wire anode to the top of the chamber.  It is possible that the distance from the wire anode to 

the side wall (3 cm) might also represent a good choice for d, which would shift the 0.04 and 

0.075 Torr-cm points to the right where they would be closer to the Paschen curve.  

 

Figure 3-14. Measured breakdown voltages in PECSS device (blue) compared to expected 

breakdown curves. 
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current.  The results of this experiment are shown in Fig. 3-16, 3-17, and 3-18.  At low pressures 

(<75 mTorr) the floating potential decreases dramatically as the glass distance from the mesh is 

increased.  As much as 250 V of floating potential difference is seen as the glass moves from 5 

mm to 30 mm.  Both the discharge current and current density of ions to the mesh are listed in 

the legend.  The nominal distance between the mesh and the substrate during film deposition is 

set to ~6mm.  At this spacing, an insulated substrate would float close to plasma potential and 

ions would strike the substrate at very low energies.  This is opposite to the condition when the 

substrate is grounded.  In this case the ions will strike at higher energies and could ion assist the 

deposition of the film.  Both the grounded and floating configurations could be used to find 

optimum film growth plasma assisted operating points. 

 

Figure 3-15. Photographs of the drift region as viewed with no cathode walls and a floating 

substrate. 
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Figure 3-16. Floating potential of TCO-coated substrate at 50 mTorr N2/O2 (98%/2%). 

Figure 3-17 shows the floating potential of the TCO-coated substrate at a pressure of 

200 mTorr.  Floating potential holds this trend for pressures between 100 and 300 mTorr.  The 

floating potential falls slightly as the distance from the top of the mesh and the floating TCO 

substrate is increased.  As the glass distance or neutral gas density is increased the number of 

collisions that a drifting ion has will increase and the energy with which the ion strikes the glass 

will drop.   

Figure 3-18 again shows the floating potential but at a much higher pressure of 500 

mTorr.  At this pressure the floating potential is significantly lower than in the pressure range of 

100-300 mTorr.  While the floating potential in the 100-300 mTorr range is near that of the 

discharge voltage, in the 500 mTorr range it is ~300 V lower.  Hence changes to both pressure 

and floating-grounding the TCO substrate will affect plasma ion assist during film growth. 
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Figure 3-17. Floating potential of TCO-coated substrate at 200 mTorr N2/O2 (98%/2%). 

 

 

Figure 3-18. Floating potential of TCO-coated substrate at 500 mTorr N2/O2 (98%/2%). 
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CHAPTER 4: AMBIPOLAR DIFFUSION MODELING AND RESULTS 

 An ambipolar diffusion-based model was developed to model the active region of the 

PECSS discharge.  This was done to gain an understanding of the physical processes that occur 

in the PECSS discharge.  The results of the modeling effort and comparison to experimental 

results are presented.   

4.1 Diffusion Model Discussion   

There are several plasma, gas collision, and physical constants that will be referenced 

throughout the diffusion modeling discussion, and they are defined in Table 4-1. 

Table 4-1. Diffusion model physical constants. 

Physical Constant Description Physical Constant Symbol 

Ion Temperature Ti 

Effective Electron Temperature Te(cold) 

Primary Electron Number (E) 

Spatial Electron/Ion Density N0(x,y,z) 

Neutral Gas Density NN 

Effective ion or electron collision rate for 

momentum transfer (frequency) 

mi,me 

Effective ion and electron mobilities i, e 

Ionization rate (frequency) i 

Ionization energy (eV per ion electron pair) i 
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The equations for the ambipolar diffusion analysis require descriptions of electron 

collisionality and ion mobility, which are functions of the electron energy distribution.  To 

simplify the analysis, a uniform electron energy distribution at a temperature, Te, assumed to 

calculate diffusion coefficients.  Prior to introducing the equations of state for the plasma body, 

four assumptions are made about the conditions of the reactor: 

1) neutral gas density and temperature are spatially constant throughout the discharge, 

2) the electron and ion temperature are constant in the bulk of the discharge and Te>>Ti, 

3) ions are only singly charged and positively charged (i.e. no negative ions), and  

4) The sheath can be treated as collisionless or collisional. 

With these assumptions one can write out the expressions for ambipolar diffusion of a bounded 

gas discharge.  In this case argon is used for the electropositive plasma since the collision rates 

and ionization process have been well established for this atomic, noble gas. 

4.2. Ambipolar Diffusion Analysis the PECSS Geometry 

If an electropositive gas discharge is assumed (i.e. no negative ions such as O-) where 

the electron (-) and ion (+) charged-particle concentrations are nearly equal at all points in the 

interior of the discharge, then it is possible to derive a reasonably good estimation of the spatial 

profile of charged-particle density and the electron temperature required to sustain ionization 

rates so as to maintain the discharge in the vessel at a particular pressure.  In this first order 

analysis it is assumed that only single-step ionization from electron-neutral collisions occurs and 

that electron temperature is spatially uniform.  [For some gases this assumption is dubious 

since many atomic and molecular gases can have significant multi-step ionization pathways 

through multiple collisions and generation of excited states such as metastable Ar* and He*].  
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For the purpose of this thesis it is assumed that ionization pathways are of secondary 

importance and would only result in increased ionization rates when compared to the first 

order approximation made here.  The assumption of uniform Te is reasonable for collisional 

plasmas and when the imposed heating electric fields and electron currents are relatively weak.  

After obtaining a sense of plasma density, collisionality, and electrical conductivity within the 

first order model, the assumption of uniform electron temperature is re-visited later in this 

chapter when imposing the external DC fields on the plasma edges.  The following analysis 

concentrates on the bulk body of the plasma in the PECSS volume. 

The analysis begins with the classical momentum transfer equations for ions and electrons. 

meeeoeeoeee vmVNFNNkT )()( 000 


     (1) 

miiioiioiii vmVNFNNkT )()( 000 


     (2) 

In Eq. 1 and 2, k  is Boltzman’s constant, F


 is the forcing term due to electric fields in the 

interior of the plasma body, Veo, Vio is the net charge particle velocity of electrons and ions, and 

νme and νmi are collision rates of the electrons and ions upon the background neutral gas.  

Equations 1 and 2 express the momentum transfer of electrons and ions (Ne and Ni) at any 

point as the balance of thermal diffusion, the influence of any forcing field F (i.e. electric field), 

and the flux of ion or electrons times the net collision frequency that the electrons or ions 

experience (drag forces). 

Next typical assumptions about the ion temperature and electron temperature are 

made (or composite electron temperature population) on the scale of a finite element volume.  
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These approximations allow us to simplify terms for engineering modeling purposes and are 

listed below. 

 Assume that Ti<<Te which is valid for non-thermal, low pressure plasmas. 

 Within the local scale of a small but finite volume, the spatial variation of both 

ion and electron temperatures vary weakly and can be considered as an isotropic 

constant.   

The assumption of isotropic nature of the EEDF (as a Maxwellian distribution) is a 

greater over-simplification than is the concept of weak spatial variation, particularly if strongly 

directed primary electrons exist from the plasma cathode sheaths.  However, if the primary 

electrons are a small contributor to the total electron population, then we can proceed with the 

given two assumptions above, even if spatially varying localized concentrations of primary 

electrons strongly contribute to local ionization within the PECSS body. 

The assumption of near quasi-neutrality (or near equal) ion and electron concentrations 

is made, NeoNio=No. This condition is imposed to maintain relatively low space-charge fields 

(< a few V/cm) within the interior of the plasma body as observed experimentally.  Also, the flux 

of ions and electrons out of any point volume within the plasma is conserved.  This ambipolar 

diffusion condition for a bulk plasma body, where electric fields are generally weak, holds that 

the flux of ions and the flux of electrons out of any differential volume are approximately equal. 
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The expressions of ion and electron mobility as they are related to charge-carrier mass, 

m, and the net effective collision frequencies, v, are shown in Eq. 3 and 4.  For simplicity it is 

assumed that mobility is a constant and is not dependent upon the local electric field. 
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Combining these assumptions and expressions for mobility, the momentum transfer equations 

can be re-expressed with the ambipolar space-charge electric field, E


, used for the forcing 

term.   

eeeee

mee

ENNkT
vm




00

1
     (5) 

iioiii

mii

ENNkT
vm




0

1

     (6) 

Since both ions and electrons are mutually influenced by the plasma electric field, we 

can further combine Eqs. 5 and 6 to obtain the discharge diffusion equation: 
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By defining the ambipolar diffusion constant, Da, as  
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the combined momentum balance equations for ions and electrons can be expressed as a single 

equation for charged particle flux. 

oaeia NDTTND 


00 )/1(
.     (9) 

The next analysis step is to include conservation of mass (or particle generation and 

loss) by maintaining that the divergence of either ion or electron flux from a local point must be 

equivalent to the local rate of charged-particle generation.  This conservation of particle mass is 

expressed as 

ivN00 


      (10) 

where vi is the ionization frequency for single-step ionization.  It is noted that for some higher 

neutral pressure conditions, there may be a net recombination rate, -Nor, but such rates are 

not strong for low pressure gases and often involve lower probability three-body reactions.  

Combining Eqs. 9 and 10 and applying the assumptions above for a differential volume for low 

pressure plasmas, the classical ambipolar diffusion equation is obtained in Eq. 11. 
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Since mi >> me and vmi<<vme, it generally holds that the electron mobility is much greater than 

the ion mobility:  e>>i.  Thus the diffusion constant Da can be approximated by  
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and the diffusion equation becomes  
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By applying appropriate boundary conditions, Eq. 13 can be used to spatially calculate ion and 

electron density within any particular geometry such as a linear hollow cylinder, coaxial 

cylinder, discharge box, or uniquely shaped body. 

The boundary conditions for the system are obtained by setting the current flux at the 

sheath-plasma edge to the diffusive charged particle flux.  At the cathode surfaces, this is given 

by  

   
sheathCaDosheathCB zyxNDnNu


 ),,()(ˆ16.0 0sec0 



     (14) 

where uB is the “acoustic” speed or Bohm velocity of ions at the edge of the plasma.  The value 

sec is the secondary electron yield (typically between 0.05 and 0.01) and D is a correction 

factor for the ambipolar diffusion constant, Da, that is applied at the boundary.  This adjustment 

is necessary to account for an increase in ion mobility within the pre-sheath electric field at the 

sheath edge and to make up for other sheath-plasma edge approximations.  In practice the 

“correction factor”, D, is in the range of about 2 to 3 for low pressure argon discharges to 

match the model predictions to empirical data.  For our purposes D was set to three unless 

mentioned otherwise. 

To utilize Eq. 14 with a finite element numerical treatment, an estimator for electron 

temperature is required.  For the present PECSS model, a cold component Te(Bulk) that is 

typically on the order of 1 eV exists for the pressures of interest. Primary electrons from 

secondary emission from cathode walls (300 eV) and scattered electrons, which are born in 

sheath regions or are the remnant of primary electrons as they are scattered through various 

inelastic collision processes, are also present.   
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The approach used to calculate the estimated amplitude of spatial N0 in a DC plasma 

case is total DC current conduction.  This is given by a more simplified total ion or electron 

current expressions at the cathode and anode. 
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The boundary condition enables one to gauge the amplitude of N0(x,y,z) without having to 

explicitly account for all loses attributed to multiple pathways of electron sub-gas collisions in 

the bulk plasma.   

For engineering purposes, it is assumed that VSheath ≈ 0.9·VCathode given the weak 

dependency of dSheath on variation of VSheath.  It is noted that the sheath estimator used here 

does not include the role of secondary electron emission transport off the cathode surface. 

The final step in the analysis sequence is the calculation of collision rates for various ion 

and electron impact processes.  The mobility µe and µi define the ambipolar diffusion constant, 

Da, and the collision frequencies of the ions and electrons define the mobilities and ionization 

frequencies.  While it is possible to calculate these values, there are engineering estimates 

available in the published literature. 

The local ionization rate is defined for the cold bulk electrons and the hot primaries.  For 

cold electrons the ionization rate may be calculated by: 
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for cold electron energies between 1 and 10 eV. For hot primary electrons the ionization rate 

may be approximated by: 

NimariesiiP NeV  )( Pr  

The production rate of ions is the sum of these ionization rates when multiplied by their 

respective electron densities Ne(cold) and Ne(primaries) with eVPriamries    Cathode. 

Electron mobility is mainly derived from elastic collision rates (which dominate electron 

scattering).  However, since µe >> µi, electron mobility does not become a significant parameter 

in diffusive gas-discharge ambipolar diffusion transport. 

)( eelge

e
TKNm

e


 

Ion Mobility is the more important term in ambipolar diffusion and is considered 

constant against gas pressure for relatively low-temperature ions.  A reasonable empirical 

approximation of ion mobility is given by: 

166 1037.310 


giigi

i
NM

e

KNM

e


 

Earlier the ambipolar diffusion constant was given as Da = kTei/e and its value often had 

to be determined by calculation of ion collision rates.  However, other workers have reduced 

the value of the collision-limited ion mobility to a value that is proportional to both mean-free-

ion-path times the Bohm flux:  
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where i is the mean-free-path of argon ions in cm and Ti is the ion temperature in eV.  The 

value i for Ar is approximately 1/330 cm at 1 Torr or 1/(330P) cm with P in Torr,   [Lieberman 

et al. (1994)].   

A unique aspect of the modeling used in this work is an estimate of the spatial 

distribution of the primary electrons originating as energetic secondaries from the walls of the 

PECSS cell.  We calculate this spatial profile as a weighting function of summed primaries.  The 

weighting function at every point in the volume of the PECSS device is defined as the integrated 

summation of all vectors from the cathode walls to a point in the discharge volume.  In the 

summation, the contribution of primaries is “attenuated” by a Gaussian function given as: 















2

2

2
exp



r
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where r is the distance between each wall surface point and each internal volume point.  The 

weighting function is designed to simulate the concentration of injection primary electrons 

from the cathode walls but attenuated by a typical collisional distance.  The result of the 

integration is that primary electrons are more weighted (i.e. concentrated) within the corners 

and in proximity to the cathode boundaries.  The weighting function is normalized to a peak 

value of 1.  An X-Y cross-section of the electron weighting function calculated within the volume 

of the PECSS geometry is shown in Fig. 4-1 along the center axial z-height of the device.  When 

used in the model, the weighting profile is used to calculate the local concentration of primary 

electrons: 

ecoldimaryeeimarye NNzyxWzyxN /),,(),,( PrPr   
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Figure 4-1. Primary electron weighting function (X,Y) used in ambipolar diffusion model as 

calculated across the Z-mid plane of the PECSS device. 

With the ionization frequency terms for cold and primary electrons approximated and 

the diffusion constant Da approximated, we may numerically solve the diffusion equation for 

the PECSS system.  The diffusion equation was solved by discretizing the PECSS device geometry 

in x, y, and z with its center being at (0, 0, 0).  The 2nd order differential diffusion equation and 

the first order differential boundary conditions for ion flux were solved by difference equations 

using a temporal relaxation method from an initial guess at Ne(x,y,z) .  In this treatment, we 

solve only for the relaxation of Ne(x,y,z), but do not re-solve for the weighting function based on 

a new Ne(x,y,z) value at the PECSS boundaries.  Also the value of NePrimary/Ne is taken as a 

constant between 0.01 and 0.001 to achieve a satisfactory and realistic range of the total 

ionization frequency.  There is no self-consistent resolution of the primary electron 

concentration or its spatial distribution, rather the model is intended to see if the bulk diffusion 
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of ions and cold electrons are impacted by a forced concentration and amplitude of injected 

primaries. 

To illustrate the induced ionization behavior in the model Fig. 4-2 shows the ionization 

frequency for 200 mT in Ar with NePrimary/Ne = 0.005 as represented along the mid-plane X-Y 

cross section of the PECSS device (z=0). Following the weighting function, the ionization 

frequency peaks at the corners where the injection of high energy primary electrons is apt to be 

most concentrated.  Because primary electron ionization dominates the operation of the PECSS 

device, the relative shape of the ionization rate profiles in the PECSS device is independent of 

the pressure. 

 

 

Figure 4-2. Ionization frequency profile in PECSS device. [200 mTorr Argon].   
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4.3 Numerical Modeling Results 

   The ambipolar diffusion modeling results support earlier findings described in 

Chapter 3.  The conditions used in the model include ion mobility-limited diffusion and bulk 

electron temperatures of 1 eV.  These two properties were used to calculate the diffusion 

constant, which was defined in Section 4.2.  The model suggests that the ionization in the PECSS 

device is driven by primary electrons whose energy is on the order of the cathode to anode 

potential difference and at densities of less than ~0.1% of the bulk electron population.  

Although the modeling performed in this thesis is not exact, it is able to demonstrate how 

ionization frequency varies spatially in the pocket controlled by the secondary electron 

emission from the cathode walls of the PECSS device. 

 The diffusion modeling results were compared with the strip ion current profiles 

obtained experimentally and discussed in Section 3.5 of this thesis.  The strip ion current and 

plasma density plots for neutral gas pressures of 100-300 mTorr are shown in Fig. 4-3, 4-4, and 

4-5.  At a neutral gas density of 100 mTorr the strip ion current does not have peaks as it does 

at higher pressures.  As found experimentally, when low neutral gas pressures are used the 

strip ion current has only one distinct peak at the middle of the PECSS device.  When the 

neutral gas pressure is increased to 200 or 300 mTorr two distinct peaks appear in the 

discharge and the ion strip current is lower in the centerline region of the PECSS device where 

less “nearby” wall surface area is present.   
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(a)       (b) 

Figure 4-3. (a) Ionization frequency and (b) strip ion current results from diffusion modeling at 

300 V, 30 mA, and 100 mTorr in argon. 

 

(a)       (b) 

Figure 4-4. (a) Ionization frequency and (b) strip ion current results from diffusion modeling at 

300 V, 30 mA, and 200 mTorr in argon. 
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(a)       (b) 

Figure 4-5. (a) Ionization frequency and (b) strip ion current results from diffusion modeling at 

300 V, 30 mA, and 300 mTorr in argon. 

 The results of the ion current profiles obtained experimentally spatially agree with the 

ambipolar diffusion results.  As in the experiments as the pressure is increased, the peaks in the 

ion current profiles move toward the walls of the substrates.  It is expected that when the 

molecular gases are used instead of argon the ion current profiles should be more uniform 

across the substrate.  Lighter molecular ions have higher diffusion mobility and also have more 

complex ionization pathways than the single pathway used with argon in this model [Mahoney, 

L., private communication (2012)]. 
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CHAPTER 5: CONCLUSION AND FUTURE WORK 

 This thesis presented plasma properties in the discharge created by a plasma source 

that was integrated into a close spacing sublimation geometry used in heated pocket 

deposition processing.  The plasma enhanced close spacing sublimation (PECSS) device is 

applicable to PV manufacturing processes currently in use including plasma cleaning and 

plasma-enhanced semiconductor deposition. 

5.1 Conclusions 

Operational characteristics of the PECSS device are presented in this thesis.  It is 

theorized that the low electron group temperature is unable to sustain the discharge, and 

instead, the primary electrons accelerated from the cathode walls are the main driver of 

ionization.  This premise is supported by a three-dimensional diffusion model in which spatially 

varying ionization rates are estimated for both primary and bulk plasma electrons.   

The electron temperatures in the active discharge region are between 1-5 eV.  The 

density of the plasma in the active discharge region is between 1015 and 1016 m-3, and increases 

with increasing discharge current.  In the drift plasma region the electron temperatures are a 

factor of ten lower than in the active plasma region for the same discharge current.  Plasma 

potentials in the active discharge region are a few volts below anode potential, however, in the 

drift plasma region, the plasma potentials are near the potential of the cathode.  This finding 

suggests that limited plasma production occurs in the drift plasma region, and that it is 

sustained by ions that are extracted from the active region and drift across the drift plasma 

region.   
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When a segmented TCO-coated surface is placed over the PECSS device, ion current 

could be measured to the segments.  The ion current exhibited peaks, occurring approximately 

at two ionization mean free paths from the side walls before dropping to lower currents in the 

centerline region.  This result is due to the presence of larger numbers of primary electrons in 

the corners of the PECSS device.  In the centerline region there is less nearby wall area, leading 

to less primary electron concentration, and lower ionization frequency.  The peaks in the ion 

current move toward the wall with increasing neutral gas pressure, as the primary electron 

mean free path is reduced.  It is also noted that regardless of pressure in the PECSS device the 

percentage of discharge current that strikes the TCO-coated substrate is always about 35%.  

When a mesh was placed in the PECSS device to create the drift plasma region, the ion current 

was attenuated by a factor of 5-10.  The presence of the mesh results in a more uniform ion 

current profile over the majority of the substrate.  This allows for a more homogeneous 

treatment of semiconductor films being deposited on the substrate.  As the neutral gas 

pressure in the PECSS device is increased, the ion current is reduced.  This result suggests the 

frequency of ion-neutral scattering and recombination increases in the drift plasma as the 

neutral density is increased.  These collisions will also reduce ion energy and soften the ion 

assist action on the semiconductor films being deposited.  An energetic ion could also charge 

exchange with a neutral gas atom leading to a low energy ion (that may not flow to the 

substrate) and a fast moving neutral.   

5.2 Future Work 

Further characterization of the PECSS device is required to document ion charge state; 

excited ion, molecule, and atom fluxes; and spatial variation of plasma properties.  The PECSS 
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diagnostic test bed developed during the course of this research allows for characterization of 

the electron temperature and density throughout the entirety of the source using Langmuir 

probes placed in many locations.  Remote electrostatic analyzer (ESA) and ExB probes could be 

used to characterize the ion energy and charge states of the plasma.  The information collected 

by the ESA and ExB probes would allow for more detailed descriptions of ion flux and energy 

striking the walls of the PECSS device.  The ion energy distribution and flux are important 

parameters that affect interactions between the discharge and semiconductor film growth.  

Improvements to and scaling of the diffusion model to a larger source and verification of the 

model will allow for greater confidence in the implementation of PECSS within large scale PV 

module manufacturing lines. 
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