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General introduction, goals and motivations

In the past three decades, the speed and packing density of integrated circuits

have dramatically increased following Moore’s law, which predicts that the number of

transistors is multiplied by four every three years. The semiconductor device dimensions

continue to shrink in order to implement more transistors on the same microelectronic

chip area, and to produce more powerful and cheaper electronic systems. All the

transistor dimensions, such as the gate, the gate oxide and the source drain extensions

need to be reduced at the same time. This brings many technological challenges and

constraints for each new device node. For example, in order to reach the new doping

requirements for the source drain extension, the ion implantation energy needs to be

further reduced with a higher dopant concentration. The physical limitations (space

charge during beam transport) of the traditional beamline approach are reached, and new

beamline techniques such as ion implantation with a deceleration mode, are being

developed. Unfortunately, this method suffers from energy contamination for very low-

energy implantation, causing deeper junction depth than expected. Plasma-based ion

implantation is emerging as a viable technique that can meet the doping requirements of

future device nodes if associated with an adequate dopant activation technique. In

particular, pulsed PLAsma Doping (PLAD) offers the capability of operating at very low

energies for a lower cost and at a higher ion flux than with the traditional beamline ion

implantation. With the PLAD technique, the silicon wafer is directly immersed in the

plasma. The ions present in the bulk plasma are extracted through the high voltage

applied on the cathode and are implanted into the wafer with the desired energy. The

pulsed nature of the plasma minimizes the etching of the silicon substrate.

One of the features that made ion implantation so successful in semiconductor

fabrication is the high degree of control and repeatability of the dopant depth profile. By

selecting a unique ion mass, ion charge, ion energy and implant angle, an ideal beamline

tool offers a high degree of control over the dopant depth profile. Real-world

implementations of beamline technology maintain a high degree of repeatability, but

often introduce compromises, such as energetic contamination, which takes place when
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decelerating the beam, or angle spread, which is due to lack of angle correction after

mass resolution. As a competing technology, plasma-based implantation must feature a

comparable level of control and repeatability, despite using a mixture of ion species and a

variety of ion energies. To compete with traditional mass-resolving beamline systems, a

plasma implant must produce the same ion composition from day to day and across the

wafer. Additionally, the implanted ion energy distribution, which is a function of the

acceleration of ions across the plasma sheath and any collision effects within the sheath,

must be repeatable and tolerant of typical process fluctuations.

In traditional beamline implantation, the incident ion mass and energy are well-

known parameters, and simulation programs are available to predict the implant profiles.

In plasma-based ion implantation, all ionized species present in the plasma are extracted

and implanted by applying negative voltage pulses to the wafer. Therefore, the prediction

of implant profiles is more complicated since it requires the knowledge of each ion

relative abundances, as well as their energy distributions, prior to entering the wafer

surface. This information is not readily available when using conventional plasma

characterization techniques, because most of them measure plasma bulk properties. One

of the thesis goals is to develop an in-situ technique to measure the energy distribution of

the different dopant ions reaching the silicon wafer after their acceleration inside the

high-voltage sheath. Another goal is to predict the dopant depth profile according to these

measurements.

The research presented here sets out to provide the practical and theoretical

underpinnings upon which the technique of plasma doping can be built. The research

scope was designed mainly for silicon technology. It includes the use of p-type dopants

that are derived from boron tri-fluoride [BF3 (g)] plasma. The scientific objective was to

characterize in detail the plasma phase and how the plasma interacts with the

semiconductor material. The main part of the work consists of studying the plasma

composition by using a mass spectrometry diagnostic. Langmuir probe measurements are

used to determine plasma parameters, such as electron energy distribution and plasma

potential. The characterization of pulsed plasmas has lead to the modification of the
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existing system and has required the development of time-resolved measurements. One

particularly important feature was the installation of the mass spectrometer set-up within

the pulse-powered electrode. The identification and the quantification of the various

plasma charged species, as well as the ion energy distribution measurements, give

information on the mechanisms of interaction with the material. The research aims is to

provide a better understanding of the key parameters that control the nature, the

concentration and the depth distribution of the implanted species. These results provide

the necessary information to achieve the industrial objective of developing the PLAD

process and a pre-industrial product. With a better understanding of the collision

processes that occur inside the high-voltage sheath, the doping process can be optimized.

Based on the ion energy distributions measured with the mass spectrometer, the dopant

depth profile can be predicted and the plasma parameters can be tuned in order to obtain

shallower dopant depth distribution in the silicon after plasma doping implantation.

The goal of the first chapter is to give the basics of CMOS and ion implantation

technologies, which are needed to understand the key challenges of low-energy

implantation. This chapter also addresses the actual beamline limitations, the solutions

used by the conventional ion implantation technology and the need for new techniques,

such as the plasma-based ion implantation system, to meet the requirements of the next

generation of semiconductor devices.

The second chapter discusses the plasma-doping technology in detail. it gives first

the history of plasma-based ion implantation and explains the principle of plasma doping.

The VSEA equipment used for plasma doping is also presented. Finally, the PLAD

performance and its different applications are reviewed and discussed.

Chapter three describes the main plasma diagnostics used during this research.

The mass spectrometry is described in detail starting with a small history, then reviewing

the different part of the mass spectrometer and finally presenting the mass spectrometer

set-up and the mode of operation. The Langmuir probe is also quickly introduced. The

different post implantation surface characterizations used such as secondary ion mass

spectrometry are also briefly explained.

The characterization of the plasma-doping system in a BF3 plasma, including the

electron and ion kinetics, the description of different collision processes occurring inside
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the high-voltage sheath and a detail description of the energy distributions of ions

reaching the cathode, is presented in chapter four.

The understanding, control and optimization of the process are introduced in

chapter five. The PLAD conditioning step is described in details. A model, based on ion

energy distribution measurements, allowing for the prediction of the dopant depth profile

is presented and validated by comparison to SIMS measurements. Finally, a review of the

method to obtain shallower junctions is also presented.
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Chapter I Semiconductor device and ultra-
shallow junction requirements for ion
implantation technology

The goal of this chapter is to give the reader the basics of CMOS and ion

implantation technology, which are needed to understand the key challenges of low-

energy implantation. This chapter also addresses the actual beamline limitations, the

solutions used by the conventional ion implantation technology and the need for new

techniques, such as the plasma-based ion implantation system, to meet the requirements

of the next generation of semiconductor devices.
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I.1 MOS transistor

This part briefly describes the mode of operation of a Metal Oxide Semiconductor,

or MOS, structure and particularly the influence of the source drain extensions on the

MOS performance. More details can be found in [Sze 2002, Lenoble 2000]

Principle of operation

A MOS transistor is designed to perform the modulation of the electrical carriers’

density in a semiconductor material using an electric field. This electric field is applied to

the command electrode, also called the gate through an insulator (gate dielectric). The

mobile carrier charges created by the electric field are electrons in the case of the N-MOS

and holes in the case of the P-MOS. When the voltage applied is higher than a threshold

voltage (Vth), a conduction channel is created by the carriers between the source and the

drain.

Figure 1: Schematic representation of a MOS Transistor type-N

In the case of a N-MOS (See Fig. 1), a positive voltage is applied between the gate and

the substrate. The electric field, which will thus attract the electrons and repel the holes at

the surface of the P-Type substrate, will create a superficial channel of N-type when VG >

Vth. When a potential is applied between the drain and the source, electrons will flow

from the source to the drain (the corresponding current will flow from the drain to the

source) through the conducting channel. The conductance of this channel can be
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modulated by varying the gate voltage. The electrons are then collected by the drain

when the transistor is in high inversion mode (transistor turned on). When the gate

voltage is not high enough to create the inversion layer, the transistor is in low-inversion

mode (transistor blocked). The MOS transistor is thus used to regulate a current between

two electrodes through a control voltage (VG).

Low-inversion mode

In the low-inversion mode, the drain current should ideally be null, even if a

voltage is applied between the source and the drain (VD ≠ 0). Unfortunately, a leakage 

current Ioff is often unavoidable [Skotnicki 1996]:











S

V
II th

thoff

10ln
exp {I.1}

where Ith is the current at the voltage threshold and S corresponds to the gate voltage

augmentation needed to increase the current of one decade. S needs to be as small as

possible to minimize the leakage current which is dependant on the threshold voltage.

High inversion mode

When the concentration of the charge carrier on the surface channel becomes

important (i.e. VG > Vth), two different cases can be distinguished according to the value

of VD, which is used to modulate the channel resistivity.

 When VD < VG-Vth, the channel acts as a resistor and the drain current is

proportional to the drain voltage. The transistor thus operates in a linear

mode.

 When VD > VG-Vth, the drain current remains the same and the number of

carriers arriving from the source, or the current flowing from the drain to

the source, remain constant. This is the saturation region. The saturation

current Ion is defined by the following equation:
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 2

thGoxon VV
L

W
C

2

1
I  {1.2}

where Cox is the gate oxide capacitance,  is the electron’s mobility (N-MOS) or hole’s

mobility (P-MOS) in the channel, W is the gate width and L is the gate length. VG and Vth

are defined for each technology node. In order to increase the Ion for a defined gate width,

the carrier mobility needs to be improved, the channel length needs to be reduced and the

Cox need to be increased by reducing the gate oxide thickness,.

In short, the electrical performance of a MOS transistor is defined by the leakage

current Ioff and the saturation current Ion. In order to improve the transistor performance,

the Ioff needs to be maintained at an acceptable level and the Ion needs to be increased to

its maximum. In the next two parts, we will explain the physical limitation of the

transistor and look at how to optimize the transistor’s performance.

Short Channel Effect (SCE) and Drain-Induced Barrier Lowering

(DIBL)

Smaller device size enables higher device density in an integrated circuit. In

addition, a smaller channel length improves the drive current and thus, the operation

performance. The influence of the channel’s side regions (i.e. source, drain, isolation

edge) becomes significant as the device dimensions are reduced, leading to the Short

Channel Effect (SCE).

When the channel side effect becomes non-negligible, the threshold voltage in the

linear region usually becomes less positive as the channel length decreases for N-channel

MOS. An increase of the VD polarization produces an extension of the space charge area

which contributes to a further reduction of the threshold voltage. This effect is known as

the Drain-Induced Barrier Lowering (DIBL).
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Figure 2: Evolution of Vth for different gate lengths as a function of the drain voltage

With the reduction of the gate length, these two effects become critical for the

transistor’s performance. They also reduce the threshold voltage, thereby creating a

deterioration of the gate control for the carrier’s density and mobility inside the channel.

The SCE and DIBL are important limitations for the technology miniaturization as they

reduce the Vth and increase the Ioff.

Optimization of the transistor’s performance

Control of Short Channel Effect

In order to control the short channel effect, the effective length Leff of the channel

needs to be maximized. The Leff is limited by the lateral spread L due to the lateral

propagation of the dopant during ion implantation, along with the lateral diffusion of the

dopant during activation (see Fig. 3). A compromise on L is necessary. A spread that is

too large is not acceptable for the device’s performance but L is necessary to maintain a

good contact between the Source Drain Extensions (SDE) and the channel. Calculations

relating to a 0o tilt implant have shown that the dependence of the junction depth (Xj) and

L is [Lenoble 2000]:

jXL  {I.3}

where  is a scalar factor (dependant on the dopant atom, is between 0.5 and 1).



Chapter I General introduction, goals and motivations

L. Godet 28

Figure 3: Schematic representation of the channel-effective length and the spread under the gate

In order to reduce the short channel effect, a reduced of the junction depth is

necessary along with a controlled dopant diffusion during the anneal step. Enough

diffusion of the dopant under the gate needs to kept to maintain the contact between the

SDE and the channel.

Reduction of in-series resistance

The minimization of the transistor’s in-series resistance, Rseries, is important to

improve the device’s performance [Lallement 2005]. The drain current flowing through

the channel is directly impacted by the in-series resistance (see Fig. 4).

Figure 4: Representation of the in-series resistance’s components [Lallement 2005]

The Rseries needs to be minimized to increase the Ion in the saturation mode. The

Rseries is the sum of the contact resistance Rcontact, the source/drain resistance RS/D and the

SDE resistance Rextension:

extensionD/Scontactseries RRRR  {I.4}
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The contact resistance Rcontact comes from the contact between the silicide and the

source/drain junction. Rcontact depends on the quality of the silicon/silicide interface and

the surface doping [Lenoble 2000]. Its value is around 10.m.

The junction resistances RS/D and Rextension are called layer resistance, Rlayer. The

source/drain area is less resistive (higher dose implanted) than the extension area. The

RS/D is negligeable compared to Rextension.

extensionextensionD/Slayer RRRR  {I.5}

extjextension LRR  {I.6}

where Rj is the resistance of the extension layer and Lext is the total length of the

extension. In the case of uniform and very abrupt junctions, Rj is defined as:

jj

j
XqN

1
R


 [.m] {I.7}

where Nj is the active dopant concentration and Xj is the junction depth.

Reducing the in-series resistance of the transistor implies reducing either the extension

length or the layer resistance of the source/drain extensions. As L is already minimal to

guarantee a good control of the short channel effect, Lext is fixed. Only higher active

dopant concentration of the SDE can thus give a higher Ion.

In order to reduce the junction’s in-series resistance, the transistors need to have

abrupt shallow junctions with a high dopant concentration.
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I.2 Ion implantation technology

Ion implantation for CMOS technology

The ion implantation steps represent around twelve percent of the total number of

process steps needed to build a microelectronic chip. Fig. 5 shows the different implanted

zones of the MOS transistor in the front end of line.

Figure 5: Schematic of the different zones implanted for a MOS transistor

The main transistor doping zones are the well, the source, the drain, the SDE, the

pockets and the gate. In order to put the dopant where it is needed, each doping area

requires a proper implantation species, energy, dose and angle control.

Figure 6: A map of application areas for high-current (H/C), medium-current (M/C) and high-energy
(H/E) implanters as a function of dose and energy
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Traditional implant applications cover a broad range of dose, energy and species,

as illustrated in Fig. 6. Ion implantation technology provides the control required to

ensure that the dopant atoms are implanted where they are needed.

Ion implantation system

Ion implantation is used to bombard a material with dopant ions at the desired

energy and dose. An ion implanter is a collection of very sophisticated subsystems (see

Fig. 7), each performing a specific action on the ions. The main subsystems include an

ion source, an extracting and ion-analyzing section, an accelerating column, a scanning

system and a target chamber.

Figure 7: Schematic drawing of a typical ion implanter showing (1) the ion source, (2) the ion-analyzing
mechanism, (3) the accelerating column, (4) the scanning system, (5) the target chamber [Jaeger 2002]

All the ions produced inside an ion source are extracted through an extraction

system and then analyzed by mass through the ion-mass analyzing system. The magnetic

field of the analyzer is set so that only ions with a desired mass-to-charge ratio can travel

through it without being filtered. The selected ions enter the acceleration tube, where they

are accelerated to the desired energy as they move from high voltage to ground.

Apertures are used to ensure that the ion beam is well collimated. A good pressure is

maintained inside the implanter to minimize ions scattering because of gas molecules.

The ion beam is then scaned over the wafer surface using electrostatic deflection plates
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and the ions are implanted into the semiconductor target. The main advantages of the ion

implantation technology are:

 The implanted dopant distributions inside the substrate are controlled by the

incident energy of the ion beam.

 The total dose of dopant inside the substrate is easily calculated by measuring the

implantation current generated by the charge particle at the surface of the target.

A precise dose from 1010 to 1016 atoms/cm-2 can be achieved.

 Ion implantation is performed at low temperatures (<85oC) and is compatible with

the photoresist process. Low temperature processing prevents undesired diffusion.

 Ion implantation provides a minimal lateral diffusion of the dopant and assures

the control of the implant angle.

 The substrate can be doped at a level above the solid solubility limit.

 Ion implanters can be used for a large number of different dopants (As, P, In, B,

Ge…). In theory, any element that can be ionized can be introduced into the wafer

through implantation.

Three different families of implanters are used to cover the full energy range of

the implanted ions, from a few hundred electronvolts (eV) to a few Megaelectronvolts

(MeV) (see Fig. 6).

 The high-current implanters are able to deliver high productivity for low-energy

implant applications. They provide high dose doping for implant energies

between 200eV to 60 keV and can achieve a current of up to 25 mA. The typical

dose ranges from 1E13 to 5E16 dopant atoms per square centimeter, with a

uniformity and repeatability below 1.5%. The principal applications of the high

current implanter are gate doping, pocket doping, source/drain (SD) and

source/drain extension doping (SDE).

 The medium-current implanters are able to deliver high productivity (up to 500

wafers per hour) and precise doping. The implant energy ranges from 2 to 810
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kilo-electronvolts (keV), with an implant current up to 5 milli-amperes. The

typical dose ranges from 1E13 to 1E16 dopant per square centimeter, with a

uniformity and repeatability below 0.5 %.

 The high-energy implanters are able to deliver ion implantation energies ranging

from 10keV to 3 MeV. The typical dose ranges from 5E10 to 1E16 dopant per

square centimeter, with a uniformity and repeatability below 0.5%. The

implantation current for this type of implanters is only reaches of several hundred

micro-amperes. The high-energy implanters are mainly used for Well doping.

Crystal damage after ion implantation

While penetrating the silicon substrate, the ion loses its energy by colliding with the

target’s atoms. During the implantation process, a large amount of the projectile’s kinetic

energy is transferred to the atoms of the target, displacing them from the lattice sites. The

energy threshold required to eject a silicon atom from its lattice position is about 15eV.

The most common defect is a vacancy-interstitial that is created when an incident ion

knocks a target atom from a lattice site; the displaced atom then comes to rest in a

nonlattice position. Light atoms, such as boron, produce a smaller number of displaced

atoms than heavier atoms, such as phosphorus and arsenic. When the density of the

defects reaches a critical density, an amorphous layer is formed on the surface of the

target wafer. The depth of the amorphous layer is more important when it comes to

higher incident-ion energies and higher implanted doses. Because of this damaged region

and the disorder that results from the implantation step, most of the as-implanted ions are

not located in substitutional sites, leading to severely degraded semiconductor parameters

such as mobility and lifetime.

Ion distribution after ion implantation

The distance that an ion travels before being stopped by the semiconductor material is

called its range, R, and is illustrated in Fig. 8. The projection of this distance along the
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axis of incidence is called the projected range, Rp. As the ion beam is mono-energetic and

the collision process is random, the ion distribution can be approximated to a Gaussian

for low dose implantation:
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where C(x) is the dopant concentration at depth x, D is the dopant dose and p is the

statistical fluctuations of the Rp call projected straggle. The dopant profile obtained after

ion implantation is then a Gaussian centered at a depth Rp (see Fig. 9a) and characterized

by the p.

Figure 8: Schematic of the ion range and projected range Rp

The Transport of Ions in Matter (TRIM) software developed by Ziegler [Ziegler

1985] determines ion ranges and damage distributions, as well as angular and energy

distributions of the backscattered and transmitted ions. It provides high computer

efficiency while maintaining accuracy [Nastasi 1996]. TRIM is the most commonly cited

software for range and damage distributions in amorphous materials. An example of a B+

5000 eV TRIM simulation is shown in Fig. 9.

Figure 9:, (a) Projected range simulated for B+ implanted into silicon with an energy ranging from 10 to
5000 eV, (b) TRIM calculation example of B+5000 eV implant into silicon

(a)
(b)



Chapter I General introduction, goals and motivations

L. Godet 35

There are two mechanisms that can be used to stop an energetic ion after it enters a

semiconductor target. The first is by transferring the ion’s energy to the target nuclei.

This causes the deflection of the incident ion (see red trajectories in Fig. 9b) and it also

displaces many target nuclei from their original lattice sites (see green trajectories in Fig.

9b). The second stopping mechanism takes place trough the interaction of the incident ion

with the cloud of electron surrounding the target’s atoms. The ion loses energy as it

collides with electrons through Coulomb interactions. The electron can be excited to

higher energy levels (excitation) or they can be ejected from the atom (ionization). The

average rate of energy loss with distance is given by the sum of the nuclear stopping

power and the electronic stopping power [Lenoble 2000]:

 )()( ESESN
dx

dE
en  {I.2}

where E is the energy of the ion at any point x along it path, N is the atomic density of the

target (N = 5×1022cm-3 for the silicon), nn dxdEES )()(  is the nuclear stopping power

and ee dxdEES )()(  is the electronic stopping power.

For low-energy implantation, nuclear stopping is the dominant mechanism used, with

more than sixty percent of the total stopping power in the case of boron implantation

below 2keV. The contribution of the nuclear stopping power is reduced for lighter ions,

which are more sensitive to the electronic stopping power [Lenoble 2000]. At higher

energy, the Sn is reduced and Se can become the dominant mechanism because the fast

particle may not have sufficient interaction time with the target atoms to achieve an

effective energy transfer.

Channelling effect

A regular arrangement of atoms in the crystal lattice leaves a large amount of

open space in the mono-crystalline silicon substrate. For example, Fig. 10a shows a view

through the silicon lattice in the <110> direction. When the direction of the incident ions

is improperly oriented, the ions will “channel” much more and will be implanted deeply

into the silicon. This phenomenon, which is called channeling, is sensitive to the
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orientation of the ion beam and to the ions’ energy. Ion channeling is particularly critical

for low-energy implantation when very shallow junction is needed.
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Figure 10: (a) The silicon lattice viewed along the <110> axis [Pauling 1964], (b)Comparison of a boron
as-implanted SIMS profile after 500V implantation into a crystalline and a pre-amorphized (PAI) silicon

wafer [Godet 2006]

Channeling can be minimized by creating an amorphous layer at the surface of the wafer

through the implantation of non-dopant impurities into the silicon. In this case, a

Germanium 20 keV beamline implantation is resorted to when pre-amorphized wafers are

used. Another approach toward reducing channeling is the use of tilt angle implantation

(7 to 10 degrees). In Fig 10b, a comparison of an as-implanted boron SIMS profile after a

500V implantation into a crystalline with a PAI silicon wafer is shown. As expected,

boron ions are implanted deeper into the silicon in the non-amorphized substrate.

Dopant activation after implantation

In order to repair the damage induced by the ion implantation and to activate the

dopant ions, the substrate needs to be annealed using an appropriate combination of

activation time and temperature. However, in order to minimize the diffusion, the thermal

budget of activation needs to be maintained at a level as low as possible. Rapid Thermal

Annealing (RTA), systems use high-intensity lamps to rapidly heat the wafer to the

desired annealing temperature (e.g., 950-1100oC) in a very short time (from a few

(a) (b)
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minutes to a few seconds). RTA is still the activation technology of choice for today’s

semiconductor manufacturing equipment.

In most of the cases here, dopant activation is performed through an optimized Rapid

Thermal Process (RTP) spike anneal in a Mattson 3000 plus RTP system [Bayha 2002].

This system is equipped with a wafer rotation system and an edge guard ring at the wafer

level to optimize uniformity. The ramp-up rate to the pre-stabilization temperature is

50oC/s. The pre-stabilization step is performed at 650oC for 10 seconds [Bayha 2002]. A

250oC/s ramp-up rate is used to reach the final temperature of 1050oC. The ramp-down

rate was 50oC/s. All wafers are processed with a rotation speed of 90 revolutions per

minute. The partial pressure of oxygen is 100 ppm in an N2 ambient at atmospheric

pressure.
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I.3 Ultra Shallow Junction

Requirements

The front end process International Technology Roadmap of Semiconductors (ITRS)

[ITRS 2005] defines the future requirements of the key technologies needed for the front

end wafer fabrication process and suggests potential solutions for any problems that

might arise. It also looks at the materials associated with these devices. It gives a clear

indication of the next challenges that will need to be met in order to follow the governing

Moore’s law. One of the next challenges facing the doping of CMOS transistors is the

Source Drain Extension (SDE) doping as discussed previously.

Year 2005 2006 2008 2010 2012

Node (nm) 80 70 57 45 36

gate length (nm) 32 28 23 18 14

Xj (nm) 11 9 7.5 6.5 4.5

Maximum Rs (ohm/sq) 653 674 740 650 593

Lateral Abruptness (nm/decade) 3.5 3.1 2.5 2 1.5

Channel doping concentration(cm
-3

) 3.7E+18 4.6E+18 7.3E+18 8.9E+18 8.8E+18

Table 1: Key Ultra-Shallow Junction (USJ) doping requirements for CMOS [ITRS 2005]

Table 1 shows the USJ doping requirements for future device generations up to

2012. The sheet resistance of the doped layer Rs (described in section III.3.2), the

junction depth Xj and the dopant lateral abruptness are the main parameters involved in

the USJ requirements. A curve )( js XR is very often used to characterize the junction.

In order to achieve the ITRS requirements, the SDE USJ depth needs to be

decreased and the dopant profile needs to be more abrupt, which implies improving the

dopant placement precision and lowering the ion implantation energies with higher doses.

The realization of ultra-shallow source and drain extension junction depths, which are

vertically and laterally abrupt, requires not only the development of new and enhanced

methods for implanting the doping species, but also the development of thermal
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activation processes that have an extremely small thermal budget [ITRS 2005]. In order

to reduce the thermal budget, the anneal temperature or the anneal time needs to be

reduced. However a reduction of the anneal temperature implies a reduction of the solid

solubility limit into the silicon. It is thus necessary to anneal the wafer with high

temperatures and a reduced annealing time. New anneal technologies including flash

anneal, laser anneal and the Solid Phase Epitaxy (SPE) technique are being developed to

meet the anneal requirements of the future device generations. Details on these

techniques can be found in the Lallement thesis [Lallement 2005].

Low-energy ion implantation

In order to follow the International Technology Roadmap of Semiconductors

(ITRS) and continue to reduce the device sizes, the implantation energy needs to be

increasingly reduced to lower values while keeping the same or even better throughput.

Reducing the implantation energy below 3keV while maintaining high productivity, is a

challenge for the implantation industry. The maximum ion current that can be transported

inside the beamline decreases as the implantation energy is reduced. It can be calculated

using the Child-Langmuir equation, assuming that there are no collisions between

particles under high vacuum (see equation {I. 1}).
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where j is the implantation current, e is the elementary charge, mi is the mass of the

dopant, Vext is the extraction potential and x is the length where the potential is applied.
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When the ion beam energy is reduced, the velocity of the ions is decreased (see

equation {I.2}). The ions are thus exposed longer to the electrostatic force of neighboring

ions, making the beam diverge. Beam current is lost by the divergent beam striking on

optical elements and apertures of the implanter. Two methods can be used to solve the

beam transport limitation at low energies, the molecular ion implantation and

deceleration-mode ion implantation (Ultra-Low Energy or ULE implanters).Another
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technique used for low-energy implantation is plasma-based ion implantation. These

three different methods will be discussed in the next three sections.

Molecular ion implantation

The idea of molecular implantation is to use heavy molecular ions which will be

then implanted shallower than mono-atomic ions. Consequently, for a given initial

implantation energy, the dopant profile will be shallower. When a molecular ion is

implanted into the substrate, the molecules split into atoms after interacting with the first

layers of the target. Each atom of the initial molecule has an equivalent energy

of 







molecule

atom
molecule M

M
E . The boron-equivalent energies of different boron molecular

ions are presented in Table 2.

Boron equivalent energy (keV)

Molecular ion implanted B+ BF+

10.00 3.67

BF2
+

2.24

BF3
+

1.62

B2F5
+

0.94

B18H22
+

0.50

Molecular ion mass 11 30 49 68 117 220

Rp (Angstroms) 400 163 107 81 55 34

Table 2: Boron equivalent energies and projected range of different molecular boron ions implanted
with an energy of 10 keV

Using molecular ion implantation, higher energy can be used to achieve smaller

implantation depth into the target with an acceptable beam current. One of the most

commonly implanted molecules is BF2
+, which has been used for many years now to

implant the boron atoms at 11/49 times the energy of the BF2 ion. Other molecular ions

are sometimes used, such as arsenic dimmer As2
+

, Diborane (B2H6) and decaborane (B10

H14). The ultimate extension of this approach is cluster-ion beam implantation, where

hundreds or even thousands of weakly bound atoms are ionized and then implanted as a

cluster [Takagi 1978]. Unfortunately, this approach also presents some issues, as the

beam current is usually significantly reduced when extracting molecular ions. The beam
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transport and also the mass resolution cause special issues when using molecular ions

such as decaborane [Perel 2000]. For instance, stoichiometry of ions extracted from the

ion source strongly depends on the parameters in the ion source and vacuum conditions.

It can change during the source life time, leading to a non-repeatable setup performance

and complicate beamline tuning [Renau 2002].

Deceleration mode

In order to solve the beam transport limitations at low energy, the implanter can

be running in deceleration mode. The ions are extracted and transported at a higher

energy than the final implant energy. Before reaching the wafer, they are decelerated to

the final energy through an electrostatic lens. The ultra-low energy implanters that use

this method give a good uniformity and high implantation current. Unfortunately, the

process is very sensitive to the residual gas inside the beam line. Ions can collide with

molecules from the residual gas or with the surface and become neutralized through

charge exchange. The neutrals are not affected by the deceleration field and reach the

wafer with a high energy and are implanted in the wafer at an undesired depth. These

high energy neutrals are referred as energy contamination (EC).

Figure 11: Comparison of drift and decel implants of 1 keV 5E14 boron [Renau 2002]

Fig. 11 shows the SIMS profile for a 1 keV boron implants that is implanted in

drift mode (without deceleration) and another that is implanted through the deceleration

of the ion beam before it reaches the wafer. The decelerated beam (from 3.5keV to 1
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keV) shows an energy contamination of 0.2%. The EC is important enough to affect the

depth of the boron dopant distribution. At a level of 1018 boron atoms per cubic

centimeter, the deceleration mode dopant distribution is nine angstroms deeper than in

the drift mode one.

Plasma-Based implantation

Another alternative for dealing with the beam transport at low energies is to use

plasma-based ion implantation. Through this technique, the wafer is immersed directly in

dopant plasma, which is created by a negative pulsed voltage applied on the cathode. The

ions are accelerated across the plasma sheath and implanted directly into the wafer. Each

negative pulse ignites and maintains the plasma.

No beam transport is necessary with this technique, making the plasma-based ion

implanters much simpler machines than the conventional ion implanters. Another

significant advantage is that the entire wafer is implanted at once with high wafer current.

An example of the VSEA plasma-based ion implantation machine, PLAsma Doping

(PLAD), is shown in Fig. 12.

Figure 12: PLAD concept

Trough this technique, a large number of wafers can be implanted per hour, even

at very low energies. PLAD is starting to be adopted for the new device nodes by the

chip-manufacturing companies. PLAD principle of operation will be described in detail

in Chapter 2.
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Chapter II PLAsma Doping System

The goal of this chapter is to discuss the plasma-doping technology in detail. First,

we will give the history of plasma-based ion implantation and explain the principle of

plasma doping. We will then present the VSEA equipment used for plasma doping.

Finally, we will discuss the PLAD performance and its different applications.
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II.1 Brief historical background of PLAD

The first method used to introduce dopant into semiconductor materials was the

thermal diffusion of the dopant from a deposited layer or a vapor source. In 1958, W.

Shockley [Shockley 1958] proposed the method of using ion implantation to dope the

semiconductors with precision by controlling the energy and number of implanted ions.

The first direct plasma implantation was done by Hans Strack in 1963 [Strack 1963]. He

followed a recommendation given by Shockley [Shockley 1957], which called for low-

energy dopant ion bombardment to be used to provide a source for vacancies and

interstitials. The method could also affect the diffusion of substitutional atoms into the

substrate.

Figure 13: Hans Strack’s plasma immersion system [Strack 1963]

The apparatus used by Strack is shown in Fig. 13. The silicon wafer was

immersed in diborane or phosphine plasma, which was diluted in a gas made of 99 %

hydrogen. The wafer was then installed on the cathode and surrounded by a silicon or

graphite cylinder to enhance the plasma density, so that the wafer could be

simultaneously heated during the implant. The dose and the dopant diffusion into the

wafer were controlled by the implant time. The implant voltage was in the range of 700

to 1200 V, so that the dopant was deposited primarily in a shallow surface region.

Implant time was in the order of hours to obtain the diffused junction in the m range.

This technique led to higher diffusion rates than the classical diffusion technique,but the
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lack of independent dose and depth control, as well as the poor beam species purity,

made this approach less attractive than beamline implantation. Conventional beamline

implantation was used for material modification work during the 1970s and the 1980s,

but beamline implanters were highly directional and could not implant irregularly shaped

surfaces [Conrad 2000]. In order to implant irregular surfaces (see Fig. 14), the plasma-

immersion ion implantation (PIII) was revived in 1986 through the work of Conrad

[Conrad 1987a].

Figure 14: Plasma-Immersion Ion Implantation (PIII) [Conrad 2000]

In PIII, the workpiece is directly immersed inside the plasma, which is created

through a negative pulse voltage. A plasma sheath then forms around the workpiece. Ions

are implanted conformally into the workpiece as long as the plasma sheath dimensions

remain less than the workpiece feature sizes. Conrad and Lieberman started the

theoretical work on and modeling of PIII in the late 1980s [Conrad 1987b, Liebermann

1989]. After 1988, many applications of PIII appeared in the semiconductor research

industry, for instance as conformal doping of trench sidewalls [Mizuno 1987 and 1988,

Qian 1991a] and junction fabrication [Qian 1991b]. Since the 1990s, many new

applications using PIII have appeared for material modifications or semiconductor doping.

More details on the history of PIII can be found in [Conrad 2000] and [Walther 2006a].

In the 1980s, Varian started research on plasma-based ion implantation and

PLAsma Doping (PLAD) in particular. VSEA started this research on a PLAD test stand

(see Fig. 15) at Varian’s research center in Palo Alto, CA, USA. Under the original

configuration, a vacuum loadlock was attached to the main chamber for wafer handling.
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The BF3 gas entered from the chamber bottom and was pumped out from the top of the

chamber. The silicon wafer was fixed on a wafer chuck that was located on the top plate

of the chamber. An anode facing the wafer chuck was used as a ground plate. A high-

voltage negative pulse was applied to the cathode, and each pulse created the plasma. The

ions were then extracted across the sheath and implanted into the silicon wafer. Many

studies were conducted to demonstrate the suitability of PLAD to meet the goals defined

by ITRS and demonstrate the technological compatibility of PLAD with semiconductor

process requirements [Felch 1992, 1998, 1999, ,Sheng 1993, Matyi 1997, Ha 1998,

Goeckner 1999, Chu 1999, Lenoble 1999, Yeap 1999].
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Figure 15: Varian plasma-doping system first prototype [Lenoble 2000]

The first manufacturing PLAD system was developed in 2000 and 2001 at VSEA

in Gloucester, MA, USA. The semiconductor applications that use plasma-based ion

implantation developed with the VSEA system will be described in section II.5.
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II.2 Description of the technique

Principle of operation

The glow-discharge PLAD chamber consists of a cathode, which holds the wafer

being implanted, and an anode (see Fig. 16). A negative DC voltage pulse is applied to

the cathode, which generates a glow discharge in the volume adjacent to the wafer.

Figure 16: Principle of PLAD

The plasma is ignited by each voltage pulse applied to the wafer. When the pulse

ends, the plasma follows a natural decay process. During the pulse–on period, ions in the

plasma are accelerated by the electric field across the plasma sheath and are subsequently

implanted into the wafer. The energy of the ions striking the wafer during the pulse-on

period is mainly controlled by the applied voltage. Other parameters, such as pulse width,

frequency, gas pressure, flow rate, surface condition and the geometry of the electrodes,

can also affect the implant process by changing the plasma composition, the ion flux and

the number of collisions inside the sheath. Short pulse-on periods provide short plasma

exposure, good charge control and minimal etching and deposition effects and maintain

high dose rates even at low energies (<1 keV).
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Pulsed DC Glow Discharge (GD)

Plasma Ignition

A DC glow discharge is produced by applying a DC voltage between two

conductive electrodes inserted into a gas at low pressure. As the voltage applied to the

gas in the discharge chamber is gradually increased, the available free electrons present

inside the gas are accelerated by the electric field and gain some kinetic energy. These

electrons then collide with the atoms or molecules of the gas. Initially, the energy of the

electron is to low to excite or ionize a target and the collisions are thus elastic.

Meanwhile, the electrons continue to gain energy between collisions until they attain

sufficient energy to ionize the target through inelastic collisions. The new electrons

produced in the ionization process are in turn accelerated by the electric field and produce

further ionization by impact with neutral atoms or molecules of the gas. An electron

multiplication process thus takes place.

The minimal threshold voltage required to produce the glow discharge is called

the breakdown voltage. In a DC discharge, the breakdown voltage is determined by the

discharge gas, the discharge pressure, and the anode-to-cathode distance. The dependence

of the breakdown voltage (Vbd) on gas pressure (P) and the anode-to-cathode distance (d)

can be expressed as [Cecchi 1990, Raizer 1997]:
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where A, C1 and C2 are coefficients that change with the nature of the gas and  is the

secondary electron-emission coefficient. For each specific gas, the breakdown voltage

only depends on the product P×d. This dependence is called Paschen’s law, which

reflects the dependence of the DC glow discharge on the secondary electrons. When the

anode-to-cathode distance is small or the pressure is low, the secondary electrons emitted

from the cathode can reach the anode while undergoing only a very small number of

collisions and do not create a sufficient number of ions for the regeneration of secondary
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electrons. When the pressure is too high, the electrons cannot acquire enough energy

between collisions to produce enough ions.

Figure 17: Experimental Paschen’s curves showing the evolution of the breakdown voltage of a BF3

discharge as a function of the product P×d

If the distance between the electrodes is too large, only a small fraction of the

produced ions will be able to reach the cathode with sufficient energy to create more

secondary electrons. At both extremes of the P×d product’s value, the probability of

ionization is small and the breakdown voltage required to ignite the discharge is too high.

The breakdown voltage reaches a minimum between the two extremes. This behavior is

described by Paschen’s curves, which are shown in Fig. 17 for BF3 GD plasma at

different anode-to-cathode distance. The minimum breakdown voltage in the BF3 GD is

around 450V.

Very low energies PLAD implantation

The pulsed glow discharge cannot be operated below 450V unless an external

plasma source is used. Two different configurations are presented here:

a) Hollow cathode mode
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Shown in Fig. 16 is a Hollow Cathode (HC) ring that is used here as an external

plasma source to self-sustain the discharge for low-energy implantation (below 600V).

The HC assembly is composed of a 10 cm tall aluminum spray coated silicon ring

installed between the anode and cathode. The ring which has a radius of 25 cm is

positioned at 2.5 cm from the cathode. The moveable anode can penetrate inside the HC

ring. The HC is negatively pulsed with a dc power supply that can be synchronized to the

cathode voltage pulse.

The hollow cathode ring provides a mirror electric field for electrons as well as an

electron-confinement mechanism in this area. It is used to increase the plasma density,

and the discharge can be operated at low pressure, even at very low cathode voltages (up

to 50 eV) with high ion current density (see Fig 18). The advantage of operating with a

lower pressure discharge is to increase the ion-neutral mean free path and to reduce the

number of collisions inside the sheath.

Figure 18: Ion current density as a function of cathode bias voltage and anode-to-cathode spacing at
30mTorr for a hollow cathode plasma operated at -1500 V

When the anode-to-cathode spacing is reduced, the effective hollow cathode

surface is decreased. Reducing the effective hollow cathode surface implies a reduction

of the cathode current due to the plasma density decrease between the anode and cathode
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spacing. Larger anode-to-cathode spacing produced higher plasma density which leads to

higher power supply current as indicated in Fig. 18. The anode-to cathode gap is used to

control the plasma density and uniformity by adjusting the effective HC surface.

In most cases, the HC voltage is set as around 1500 V and is coincident with the

cathode pulse, so that no time delay is introduced between the pulses. This configuration

has been found to maximize the plasma density and uniformity.

Figure 19: Electric field distribution calculated using Opera 3D with -500 V on the cathode and -1500 V
on the hollow cathode for two different anode-to-cathode spacing (100 and 35 mm)

When the anode-to-cathode spacing is reduced, the electric field near the cathode

becomes more uniform (see Fig. 19) and the effective hollow cathode surface is

decreased.

b) Pulsed anode mode

Another alternative developed during this work to increase the plasma density is

the pulsed anode configuration. The anode can be pulsed synchronously or not with the
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cathode pulse up to -1500 V. In this mode of operation, the hollow cathode is grounded.

The vacuum electric field is uniform near the cathode in this configuration (see Fig. 20).

Figure 20: Electric field distribution calculated using Opera 3D with -500 V on the cathode and -1200 V
on the pulsed anode for an5cm anode-to cathode spacing

Characteristics of a dc glow discharge

After the plasma is ignited, three different regions will form between the anode

and the cathode: the anode region, the bulk plasma and the cathode region (see Fig. 21).

Figure 21: Voltage distribution in a dc glow discharge process [Chapman 1980]

In order to maintain the positive and negative charge equilibrium inside the bulk

plasma, the flow of positive and negative carriers is balanced by a potential called plasma

potential (Vp). In the usual situation of electropositive plasma, consisting of equal

numbers of positive ions and electrons, the electrons are far more mobile than the ions.

The plasma will adjust itself and be charged positively with respect to the grounded wall.
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The non neutral potential region between the plasma and the surface is called a sheath.

Only electrons having sufficiently high thermal energy will be able to penetrate through

the sheath and reach the surface, which, being at a negative potential relative to the

plasma, tends to repel the electrons.

When a voltage bias is applied on the cathode, an ion sheath is formed. The

positive ions are accelerated across the sheath and implanted into the target with an

energy lower than or equal to   eVV p 0 .

Cathode bias characteristics

c) Cathode voltage

The high-voltage pulses applied to the cathode are generated by a high-voltage dc

power supply. Fig. 22 shows an example of voltage waveforms measured during a 1 kV,

2.5 kHz, 40 mTorr BF3 discharge.

0 25 50 75 100 125

-1000

-500

0

500

1000

-500

-250

0

250

500
(a)

Voltage

C
a
th

o
d

e
V

o
lt

a
g

e
(V

)

Time (s)

Pulse on Afterglow

Current C
a
th

o
d

e
C

u
rr

e
n

t
(m

A
)

Figure 22: Cathode voltage and current waveforms for a 1kV, 40mTorr, 50s, 2.5 kHz BF3 discharge

The typical high voltage rise and fall times are 1 to 5s and 5-30 s, respectively,

at operating pressures of 10 – 300 mTorr, with a pulse width of 10 to 50 s and a 1 to

15 % duty cycle.
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d) Power supply overshoot

A cathode voltage overshoot is shown in Fig. 23. The pulsed bias overshoot is

caused by the non-ideal power supply. Typically, the bias overshoots to positive values

(<15 V) during the afterglow.
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Figure 23: Typical cathode voltage overshoot for1kV, 40mTorr, 50s, 2.5 kHz BF3 discharge

The presence of the overshoot significantly affects the ion-energy distributions in

Ar and BF3 discharges and was described in detail by Koo and Radovanov [Koo 2004,

Radovanov 2005].

e) Cathode current

Fig. 22 shows an example of a cathode current waveforms measured during a 1

kV, 2.5 kHz, 40 mTorr BF3 discharge. The measured cathode current (Ic) is a

combination of ion current (Iions), electron current (Ie), secondary electron current (Isec)

and the displacement current (Idisp).

dispeionsc IIIII  sec {II.3.1}

Since the electron density is small compared to the ion density inside the sheath, the

electron current measured on the cathode is negligible.

dispionsc IIII  sec {II.3.2}
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At the end of the pulse, the available electrons neutralize the wafer surface charge,

which has built up during the voltage pulse. The pulse width is limited by the need to

maintain the charge-up voltage below the damage threshold [Cheung 1991, Liebert

2000a].

f) Secondary electron current

The secondary electron current is related to the electron emission after the

energetic ion impact on the cathode and can be expressed as follows:

ionssec II  {II.3.2}

The number of electrons ejected per incident particle is called the secondary

electron coefficient).  was measured experimentally and is dependant on the cathode

voltage (ie ion energy), as can be seen in Fig. 24. When the voltage is raised the number

of electrons ejected by the incident ions is increased.

Figure 24: Secondary electron coefficient at different cathode voltages [Miller]

It is also noticeable that the fast neutrals created through charge exchange

collisions inside the sheath can eject some electrons. For low energies (< 1keV),

experimental results suggest that electron emission induced by the neutral bombardment

are negligible compared to the electron emission induced by the ion bombardment

[Medved 1963].
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g) Displacement current

The displacement current which is created during the rise and fall of the cathode

voltage pulse is defined by the following equation:

dt

dC
V

dt

dV
CI s

sdisp  {II.3.3}

Where
s

S
C 0s  is the ion sheath capacity, S is the sheath surface area, s is the sheath

thickness and 0 is the permittivity of the free space.

In the case of the PLAD technique, the afterglow plasma density before the

ignition is very low, making the displacement current quasi-independent of the plasma

parameters and close to the vacuum displacement current. The displacement current can

be considered to correspond to the capacitance charge created by two electrodes that are

in series with the capacitance of the power-supply. The displacement current without gas

is assumed to be equivalent to the displacement current when the plasma is ignited. It was

demonstrated by Lenoble that the displacement current is mainly due to the PLAD

hardware (cable, power supply, anode, cathode…) and not to the plasma parameters

[Lenoble 2000]. An example of the displacement current in a chamber without gas is

shown in Fig. 25.
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Figure 25: Displacement current measured without gas inside the process chamber

A corrected cathode current can then be estimated by subtracting the displacement

current without gas from the original cathode current.
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II.3 General presentation of the equipment

The PLAD system layout developed by VSEA is shown in Fig. 26. A PLAD

system is composed of two loadlocks that can be configured for twenty-five 200mm or

300 mm wafers, a transfer chamber and two-process chambers.

Figure 26: VIISta PLAD system layout

In order to orient the wafer, it is transported from the loadlock to the wafer

orientation station by two handling robots inside the end station. The orientation of the

wafer is important, even if the entire wafer is implanted at one time, as it allows us to see

any repeatable pattern on the wafer after implantation. The wafer is then transported from

the orientation station to one of the two process chambers where the wafer will be

implanted. Each chamber can be operated at the same time with a different process gas.

Once it is implanted, the wafer is transported back to one of the loadlocks by the same

handling system.

All the PLAD system is controlled by the Varian Control System (or VCS)

software developed by VSEA for a Windows platform.
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Figure 27: PLAD parameter control screen

With VCS, we can generate process recipes that control all of the implant

parameters, such as the process pressure, the cathode voltage, the implant dose and the

cathode duty factor. The wafer implantation can thus be fully automatic for production

purposes. The process conditions can also be manually modified during the recipe

optimization by using the VCS screen shown above in Fig. 27. VCS also controls all of

the safety interlocks and cleaning protocols of the machine.

Vacuum system and pressure control

The base vacuum is maintained below 10-6 Torr inside the loadlocks and the

transfer chamber, while it is kept below 5.10-7 Torr inside the process chamber. The VCS

chamber vacuum screen is shown in Fig. 28. The low chamber pressure is obtained

through the use of a turbo-molecular pump from Seiko, model STP A803C, which gives a

pumping speed of 800l/s.
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Figure 28: Varian Control System’s, vacuum control screen

Each process chamber has independent pressure and gas flow control for process

gases, which are delivered through a coaxial gas line for safety purposes. When the wafer

is loaded, the isolation valve V2 (see Fig. 28) between the chamber and the turbo-

molecular TP1, as well as the valve V15 between the end station and the chamber, are

closed. The process-chamber pressure is adjusted up to the required pressure and is

regulated by a variable throttle valve (V4) of MKS type 653b. It is also sensed by a MKS

120AA Baratron gauge. The process chamber is exhausted to a high-vacuum pressure

before the isolation valves are opened. After a new wafer is loaded, the process chamber

is refilled to process-gas pressure. The gas flow inside the process chamber is maintained

through a mass-flow controller, which can deliver gas flow ranging from 2 to 50 sccm.

Each chamber can have a maximum of eight gas lines and mass flows. Fig. 29 shows one

of the VCS gas control screen for one chamber with three gas lines in use.
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Figure 29: Gas delivery control system

Gas in-used and applications

For this thesis, the following gases with the PLAD system were used:

Boron Trifluoride (BF3)

Boron or boron molecular ions (BFx
+, BF2

+, BxHy
+) are the most common dopants

used for P-type doping of the semiconductor junction, because of its high solubility in the

silicon. Boron trifluoride is one of the gases used to create the boron molecular ions. The

purity of the gas used is very important for ion implantation, and in particular during

plasma doping where no mass selection is performed.

In this case, the P-type dopant used is SDS BF3 (Safe Delivery Source) from

Matheson. In a SDS bottle, the dopant gas is maintained below one atmosphere and is



Chapter II PLAsma Doping System

L. Godet 62

extracted through the pressure differential between the bottle and the ion implantation

chamber, thus eliminating the risk of an uncontrolled release. The BF3 purity is superior

to 99.9%. In addition, the concentration of the enriched boron trifluoride dopant is 25%

higher than that of natural boron (11BF3  99.7%). A typical ion spectrum of a 1 kV BF3

plasma is shown in Fig. 30. The BF3 plasma is the main plasma studied in this thesis.
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Figure 30: Typical BF3 ion spectrum for bulk plasma during the pulse-on period at 1kV 50s

Arsenic Pentafluoride (AsF5)

Arsenic or arsenic molecular ions (AsHx
+, AsxHy

+, AsxFy
+) are one of the more

commonly used N-type dopants due to their high solubilities into the silicon. Arsenic

Pentafluoride is one of the gases used to create arsenic molecular ions. An SDS AsF5

dopant was used for the N-type doping. A typical ion spectrum of a 1kV AsF5 plasma is

shown in Fig. 31.
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Figure 31: Typical AsF5 ion spectrum for bulk plasma during the pulse-on period at 1kV 50s

The dominant ion in the bulk plasma during the plasma on-period is the AsF2
+,

followed by AsF3
+ and As2F5

+, which is created by recombination during the afterglow

period. The AsF5 was used to fabricate an N+/P ultra-shallow junction. We will not

provide a detailed discussion of the AsF5 plasma in this thesis, but some device results

using AsF5 can be found in [Lallement 2004, Lallement 2005].

Rare gases

Many different rare gases, such as Helium, Neon, Argon and Xenon, were used to

dilute BF3 or to condition the chamber after a maintenance opening. The dilution of BF3

with rare gases will be discussed in chapter V.

Oxygen (O2)

A O2-BF3 mixture was used for the chamber-cleaning after a BF3 photoresist

implantation. The clean-up is designed to eliminate process drift (dose non-repeatability
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and non-uniformity, concentration of non-dopant co-implants) associated with the

deposition of materials released on components of the plasma-implanter chamber during

the ion implantation of photoresist wafers. The ionized and dissociated species in the O2-

BF3 plasma are effective at removing carbon-based and other chamber deposits. This

oxygen/dopant combination also prevents over-cleaning, as it will not remove protective

coatings.

Process chamber

The PLAD process chamber is shown in Fig. 32. It is composed of a spray-coated

silicon anode and cathode shield ring. The wafer sits in the middle of the cathode on a

gravity platen or an electrostatic chuck (e-clamp). The electrical contact between the

high-voltage supply and the wafer is made through sharp metallic pins at the back of the

wafer. The cathode is water-cooled to keep the wafer temperature under 85oC. The wafer

is installed or removed from the platen using a pneumatic lift-pin system, which moves

the wafer up or down.

Special liners are used on the top, bottom and side of the chamber in order to

avoid any aluminum contamination and keep the metal level under control during the

implantation process.

Figure 32: PLAD process chamber with spray-coated silicon anode and cathode
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The dose uniformity optimization for the full energy range is achieved by

adjusting both the pressure and the anode-to-cathode spacing. An anode assembly driven

by a servo-motor is used to cover an anode-to-cathode spacing range from 2.5 to 12cm.

Dose control

As discussed previously, the cathode current does not allow for accurate

measurement of the dopant dose implanted into the wafer because the measured cathode

current does not correspond to the implanted ion current. The measured cathode current is

a combination of the ion current, the electron current, the secondary electrons current and

the displacement current created during the rise and fall parts of the pulse due to the

cathode capacitance.

A special dosimetry system is then required to accurately measure the in-situ

dopant dose. Compared to the conventional ion-implantation systems, the plasma-doping

dosimetry systems face a number of challenges [Liebert 2000]. The dose needs to be

measured at a high voltage when the plasma is present. Meanwhile, the charge collection

has to eliminate the effect of the secondary electrons and the displacement current

affecting the implant dose.

A special annular graphite Faraday cup [Lallement 2005] was designed to

accurately measure the ion current of the ions reaching the cathode. The Faraday

dosimetry system is positioned inside the high-voltage cathode, around the wafer. Since

the whole Faraday dosimetry system floats at the same potential as the cathode, the

electron current measured by the Faraday cup is now negligible. In order to trap the

secondary electrons emitted from the Faraday graphite, a magnetic field is applied to the

Faraday cup by permanent magnets. The magnetic confinement also effectively stops

electrons in the ion beam from entering the dose cup.

The Faraday cup allows accurate measurement of the ion current. The ion dose

implanted can be monitored and good process repeatability can then be reached. The use

of a Faraday cup provides efficient process control.
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II.4 PLAD performance and process repeatability

As a technology that competes with beamline implantation, plasma-based

implantation must demonstrate a comparable level of control and repeatability, even

though it uses a mixture of ion species and a wide distribution of ion energies. The

dopant profile in the silicon is mainly controlled by the cathode voltage. An example of

boron SIMS profiles for BF3 plasma at different cathode voltages are shown in Fig. 33.

Lower voltages provide shallower dopant distributions in the silicon.

Figure 33: As-implanted boron SIMS profile after a 2.1015PLAD implant at different cathode voltage
using crystalline wafers

The dopant depth distribution is mainly controlled by the cathode voltage, bulk

plasma ion composition and the number of collision inside the sheath. In general, a

shallower junction is obtained when the cathode voltage is reduced.

As can be seen in Fig. 34, the particle level after a N or P-type plasma doping

implantation stays below the specifications of the ITRS (60 particles added per wafer)
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Figure 34: Particle contamination on 200mm wafers for AsH3 and BF3 implants

Metal contamination was one of the major challenges to overcome so as to

demonstrate the compatibility of the PLAD process for the CMOS technology. After

major material modifications to the process chamber, all the metal levels were below the

specifications, as can be seen in Fig. 35. The aluminum level is now below 1011, and the

sum of all the other metals is below 5x1010 particles per cubic centimeter (cm-3) after a

BF3 5 and 10kV implant with a 5x1015 dose.

Figure 35: Metal contamination during 5E15 BF3 PLAD implantation at 5 and 10kV

Fig. 36 shows a plot of a repeatability run on PLAD for the 32 nm node condition

[Arevalo] of 1kV, 7.5e14/cm2 BF3 into a pre-amorphized 30keV implant, annealed using

SPE by RTP at 650ºC for 60s in 100 ppm O2 in N2. during this run, 75 wafers were

implanted in three cassettes. Twenty-one of these wafers were prime-process wafers,

which were evenly distributed throughout the cassettes and subsequently annealed and

probed for Rs. The average Rs for these wafers was 798 Ω/sq, with a one sigma 

repeatability of 0.89% and an average non-uniformity of 0.76%.
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Figure 36: PLAD Uniformity and repeatability of a 1kV, 7.1014dose, 40mTorr, PAI: Ge+ 30keV 1e15dose,
SPE annealed by RTP 650oC 60sec in 100ppm O2 [Arevalo]

In Fig. 37, we show five boron SIMS profiles after a 500V, 30mTorr, BF3 PLAD

implant performed at five different locations on the wafer (center, left, right, top and

bottom). A 1.17% Xj uniformity is obtained after a PLAD implantation at low energy (no

edge effect observed) and the SIMS profile is repeatable.

Figure 37: Across wafer Xj uniformity for 500V, BF3 PLAD as- implanted SIMS boron profiles

Plasma doping is a stable and repeatable process that has demonstrated dose

uniformity and repeatability, metal purity and particle performance comparable to that

attainable with beamline implants [Scheuer 2004]. During the past 10 years, PLAD has

demonstrated its compatibility with the CMOS technology.
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II.5 Different applications of PLAD

One of the driving applications for PLAD is “gate doping”. Poly-silicon gate

doping requires a very high dopant dose (1016-1017 atoms/cm2). PLAD is able to deliver a

very high dose along with a very high throughput (80 to 120 wafers per hour) compared

to the 10-40 wafers per hour for conventional beamline implantation. A review of the

different PLAD applications and production worthiness can be found in the following

articles [Walther 2006a, Fang 2005]. In this section, only the main low-energy

applications will be briefly described.

Ultra-Shallow junction

For previous device nodes, the fabrication of the required USJ had been achieved

through the reduction of the ion-implantation energy and the emergence of a high-ramp

rate spike annealing process. For future technologies, diffusion-less activation techniques

(solid-phase epitaxy (SPE), flash or laser anneals…) have been widely studied but have

lead to many integrations issues (poly-silicon gate activation, dopants de-activation,

system on chip integration etc.). Consequently, the high-temperature spike annealing

process is still the most common activation technique, but the transistors architecture has

been complicated with the introduction of offset spacers prior to the SDE implantation.

Using PLAD overcomes these issues for PMOS and NMOS transistors and allows the

continuous shrink of the standard CMOS architecture when using a conventional spike

annealing tool [Lallement 2004, Lallement 2005 and Dumont 2005].
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Figure 38: A cross section of a 65 nm transistor fabricated by plasma implant without a sacrificial offset
spacer [Lallement 2004, Walther 2006]

N-type and P-type plasma doping processes have been developed to fabricate the

ultra-shallow junctions needed for the 65nm CMOS technology. For the first time, the

strong benefit of PLAD, as compared to ultra-low energy implantations, for the

fabrication of sub-25nm USJ was demonstrated when the standard activation technique

was used. Such plasma–doped USJ were successfully integrated into a simplified 65 nm

CMOS architecture (no offset spacers, low ramp rate spike annealing < 75 oC/s) for the

SDE doping. Lallement demonstrated the capability of fabricating 45nm gate-length

CMOS transistors without offset spacers and while using high temperatures and a

conventional spike anneal (see Fig. 38). This ultra-low cost architecture leads to the

following transistor performance: drive currents of 720 µA/µm and 330 µA/µm, for

NMOS and PMOS respectively, are obtained at Vdd=0.9V, Ioff=100 nA/µm. The Ion is

increased for the NMOS transistor. In addition, the junction leakage current was

significantly improved (>1 decade) and the junction capacitance was reduced by 15% for

NMOS.

Plasma doping is a very promising candidate for source-drain extension doping, as

it can provide low-energy implantation and very high doses. It allows for less integration

steps (no offset spacers) and better or equal electrical performance as compared to

traditional ion implantation.
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Imaging applications

With the digital revolution of photography and the new cell phone generation, the

photosensitive sensor type CMOS photodiode represents a simple and cheap solution for

commercial use. A photodiode is basically a p-n junction operated under reverse bias.

When an optical signal impinges on the photodiode, the depletion region serves to

separate the photo-generated electron-hole pairs, and an electrical current flows in the

external circuit. A parasitic current is observed even when the photodiode is not

illuminated; this phenomenon is called dark current. The dark current is generated by the

parasites at the periphery of the photodiode and poses a problem for the photodiode

integration into the CMOS photosensors. The dark current is principally created near the

interface of the Sallow Trench Isolation (STI) side wall (Zone Z1 in Fig. 39) and the

transfer gate TG ( Zone Z2) [Lallement 2005].

Figure 39: Photodiode implanted area [Lallement 2005]

The problems with the Z1zone can be solved by a tilted implant near the STI-

substrate interface, which will reduce the production of the parasite electrons in this area.

In order to reduce the dark current of the Z2 zone created by the electron migration at the

interface of the spacer-silicon and the N-doped zone, a low-dose, shallow implantation of

P-type dopant can be performed. The junction created needs to be very shallow with a

low dose to avoid disturbing the transfer of the photoelectrons from the channel when the

transfer gate is polarized. Plasma doping is a good candidate to reduce the dark current.

The dark current was drastically reduced after optimization of the PLAD process, and the
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electron transport from the photodiode to the gate transfer was not disrupted [Lallement

2005].

Conformal doping

Multi-Gate Transistors (MUGFETs), such as triple-gate transistors, have been

extensively investigated to replace the planar transistors, because of their excellent short-

channel effect control when the device gate is scaled down to 35nm and below. An

example of a FinFET is shown in Fig. 40. The non-planar transistor is built on a Silicon

On Insulator (SOI) substrate. The silicon is then etched to create a Fin and the gate is

created around the Fin.

Figure 40: Schematic representation of a FinFET transistor

The doping of SDE in the non-planar transistor is a real challenge for the ion-

implantation technology [Lenoble 2006]. When the realistic 32 nm node design rules are

taken into account, the maximum ion-beam angle produced by conventional beamline

implanters is limited to 10o because of the shadowing from adjacent devices. Since the

formation of conformal junctions is not possible with the beamline implantation

technique, Lenoble and coworkers investigated the use of plasma doping with tall Fins

for a PMOS MUGFET [Lenoble 2006].



Chapter II PLAsma Doping System

L. Godet 73

Figure 41: SEM picture of the fabricated MUGFETs with BF3 plasma-doped SDE. TiCN/HfO2 gate
stack is used on 20nm width/60nm height Fin

The experimental conditions used during plasma-doping implantations are under

industrial confidentiality and will not be described in this manuscript. Lenoble has

demonstrated that specific plasma-doping processes can be successfully integrated into

triple metal-gate FinFets devices, so as to obtain a conformal doping of the SDE over the

Fin (see Fig. 41). This specific process leads to a significant improvement (24%) of the

drive current (at Ioff =20 A/m), which may be further increased through the

optimization of annealing conditions. PLAD is a promising candidate for non-planar

transistor doping.
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Chapter III Plasma diagnostics and surface
characterization

Several plasma diagnostic instruments were used through out this work: a mass

spectrometer and a Langmuir probe.
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III.1 Mass spectrometry

The mass spectrometer was the main diagnostic instrument used to probe both the

energetic ions reaching the cathode and the ions from the bulk plasma. The mass

spectrometry technique and operating modes are described in detail below.

Brief history of mass spectrometry

In 1912, the first apparatus for ion mass analysis was built by Thompson

[Hoffman 2002]. It was called a parabola spectrograph [Thompson 1913]. Ions created by

a direct current (dc) glow discharge were passed into electric and magnetic fields, which

made the ions follow parabolic trajectories. The rays were then detected on a fluorescent

screen or a photographic plate. The ion current intensity was determined by the

blackening of the photographic plate and the length of the parabola connected to the ion

energy distribution. With this apparatus, Thompson detected the Ne isotopes 20Ne and

22Ne.

The mass spectrograph created by Aston [Aston 1919] is often said to be the first

mass spectrometer with a velocity focusing feature, but until the work of Herzog and

Mattauch [Herzog 1934a, Herzog 1934b] mass spectrometry did not really progress.

Their research on ion optics solved the issues of ion beam energy transport and beam

angular dispersion. The progress in ion optics, vacuum technologies and electronic

detection systems allowed high-resolution mass spectrometry and many other new

applications to emerge and led to the detection of atoms, neutral particles and ions.

Industrial mass spectrometer instruments (such as the one used here) appeared

along with many new applications after the development of the quadrupole mass filter by

Paul and Steinwendel [Paul 1953]. It is a useful diagnostic instrument for gas discharge

physics, as it can be used to detect ions directly extracted from the plasma, or created

after an ionization of a neutral particle inside the probe. Whenever the system is equipped

with an energy filter, it can also determine the energy distribution of these ions.



Chapter III Plasma diagnostics and surface characterization

L. Godet 76

Electrostatic Quadrupole Probe (EQP)

The commercial instrument used for all the mass spectrometer experiments

presented here is the EQP 300 from Hiden Analytical, Inc. The Hiden EQP system

consists of a 45o electrostatic ion energy analyzer (ESA), as well as a quadrupole mass

spectrometer (QMS). This apparatus allows a mass detection ranging from 0.4 to 300

amu, with an energy range between 0 to 1100eV. It can also detect and analyze neutral

particles, along with positive and negative ions in the studied plasma.

A diagram of the EQP is shown in Fig. 42. The mass spectrometer has two modes

of operation: the Residual Gas Analysis (RGA) mode, which is used for neutral species

(radicals, molecules, atoms) detection from the gas or the plasma, and the Secondary Ion

Mass Spectrometry (SIMS) mode, which is used for positive and negative ion analysis.

The ionization chamber is only used with the RGA mode.

Collector

QUADRUPOLE

ENERGY
ANALYSER

Pumping

OrificeExtractor
Lens 1

Filaments, e- Energy
Source cage

Axis

Lens 2
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Figure 42: Diagram of the Hiden EQP mass spectrometer

The mass spectrometer is maintained under good vacuum (< 5e-7 Torr) through a

Pfeiffer turbo pump with a pumping speed of 53 l×s-1 (TMU 064). The pump is
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connected to the side of the mass spectrometer and the vacuum is controlled by a cold

cathode pressure gauge (Pfeiffer Vacuum model TSF 012). The pressure inside the mass

spectrometer versus the pressure in the process chamber is plotted in Fig. 43 .This low

pressure level inside the mass spectrometer is necessary to minimize the number collision

between gas species.
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Figure 43: Linear relation between EQP pressure and PLAD process chamber for BF3

The mass spectrometer is controlled by the MASsoft software, version 3.06, from

Hiden Analytical. This software, which operates within a Windows environment controls

all the potentials of the instrument different elements and allows for the visualization of

the spectra. It enables us to use an “autotune method”, which consists of scanning all the

mass spectrometer parameters and selecting for each value that maximizes the signal

intensity. The mass spectrometer data is then handled using Origin 7.5 or Excel 2003

software.

Following a particle trajectory from the entrance to the detector, the mass

spectrometer is composed of extraction optics (Extractor, Lens 1), an ionization source, a

deceleration stage (Axis, Lens2, Quad Lens (Quad, Vert, Horiz)), an energy analyzer, a

quadrupole mass filter and a detector. The role of each section is described in detail

below.

Extraction optics
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The first section of the mass spectrometer (see Fig. 44) is the electrostatic

extraction optics. It is composed of an extractor and a focusing lens (Lens1). The

extraction sector has two functions. First, it allows for the neutral particle present in the

process chamber to penetrate into the mass spectrometer. Second, it is also used to extract

positive or negative ions from the plasma.

Figure 44: Mass spectrometer extraction section

In the case of neutral analysis, the neutral particles diffuse into the mass

spectrometer through the extraction sector. To stop ions from penetrating into the probe

and disrupting the neutral analysis, a low positive voltage (10 or 20 V) is applied to the

extractor. In the case of positive ion analysis, a negative voltage (-50 to -10 V) is applied

to the extractor so as to attract positive ions and proceed to the analysis. In the case of

negative ion analysis, a positive voltage (50 to 100 V) is applied to the extractor. The

extractor is followed by an electrostatic lens (Lens 1) that is used to focus the extracted

ion beam.

Ionization source

In the case of neutral particle analysis, the extraction optics (Extractor and Lens1)

are not used. The particles diffuse through the extractor aperture and are ionized by

electron impact inside the ionization chamber (Fig. 45).

The ionization chamber is composed of two tungsten filaments and a cage. Using

thermo-emission, an electron beam is created by heating up one of the filaments. The

electrons are accelerated toward the ionization cage where neutrals are ionized. The
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energy of this electron beam is fixed and controlled by applying a potential bias between

the filament and the ionization cage.

Figure 45: Principle of an ionization chamber by electron impact

The electron impact is a common method used for ion formation [Dawson 1995].

Atoms and molecules are ionized through the following processes [Hippler 2001]:

Ionization of atoms

e- + A A+ + 2e- {III.1.1}

Direct ionization of molecules

e- + AB AB+ + 2e- {III.1.2}

Dissociative ionization

e- + AB A+ + B + 2e- {III.1.3}

Electrons with high energies can also produce multiply charged ions, such as A++

or AB++. The probability of ionization is quantified by the value of the ionization cross-

section. For most molecules, single ionization reaches a maximum around 70eV.

Therefore, the electron energy is often fixed at 70eV. In the EQP 300, the electron energy

can be adjusted from 0 to 150eV, with a step size of 0.1eV, and can be used for threshold

ionization mass spectrometry measurements [Kae-nune 1995], [Schwarzenbach1999],

[Rolland 2000], [Gaboriau 2006].
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Deceleration stage

Subsequently to the extraction stage, a drift tube is positioned after the Lens 1

(see Fig. 46).

Figure 46: Schematic of the first sections of the EQP mass spectrometer

In the long drift tube of the mass spectrometer, the ions are focused by Lens 2 and

decelerated to the energy, which is required to pass through the energy analyzer. The ion

transport energy inside the drift tube ET is fixed by the “Axis potential” ( TEAxise  ),

usually set to 40eV. The electric field created by the energy analyzer is not null at its

entrance and is increasing when the ions come close to it. In order to maintain the ion

beam centered inside the EQP, a quad lens is installed in front of the energy analyzer to

adjust the beam and correct the beam distortions induced by the electric field at the

entrance edge of the 45o electrostatic analyzer.

Figure 47: Equipotential distribution inside the mass spectrometer, (right) after the drift tube and before
the quad lens, (left) inside the quad lens sector
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A non-symmetric electric field is then created by the quad lens. Fig. 47 shows a

typical example of the use of the Quad Lens. The equipotential lines are not symmetric

after the Quad Lens, which allows for the correction of the ion beam distortions at the

entrance of the energy analyzer. The Quad lens also maximizes the number of ions

entering the analyzer.

The quad lens is made up four small rods (q1, q2, q3 and q4) on which different

voltages are applied. This small device is tuned using 3 different values (Vert, Horiz and

D.C. Quad) through the following equations:

q1 = 0.02 x (D.C. Quad) + 0.04 x Horiz

q2 = 0.02 x (D.C. Quad) - 0.04 x Horiz

q3 = - 0.02 x (D.C. Quad) + 0.04 x Vert

q4 = - 0.02 x (D.C. Quad) + 0.04 x Vert

Energy analyzer

The ion energy is then analyzed by a 45o sector electrostatic energy analyzer

composed of two cylindrical plates (plate 1 and 2), to which an electric field is applied

(Figure 48).

Figure 48: Electrostatic sector analyzer

- 40 V

q1q2

q3

q4

{III.1.5}
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By applying a potential between plate 1 and plate 2, an electric field is created

that deflects ions according to their kinetic energy. To be able to pass through the

aperture (d) at the end of the cylindrical energy analyzer, an ion needs to have the energy

(ET) defined by the Vaxis potential (ET = eVaxis), usually set at 40eV. The energy

resolution, E, [Hiden] is:

  




sinLcos1R

Ed
E T {III.1.4}

where the sector angle, mean sector radius, transmission energy and the distance to the

exit aperture are defined as , R, ET and L respectively. Under the standard configuration,

the exit aperture is 3 mm, the transmission energy is 40eV and the energy resolution is

2.6eV. The energy resolution can be improved by reducing the transmission energy. A

complete ion energy distribution can also be obtained by floating the mass spectrometer,

using a reference potential from -1000V to +1000V. This way, ions with different initial

energies at the entrance of the mass spectrometer will be measured after they are

accelerated or decelerated to the correct transmission energy.

Quadrupole mass filter

The quadrupole mass spectrometer (QMS) is the most widely used analyzer for

low-resolution applications and is the most important in plasma diagnostics [Paul 1953,

Drawin 1968, Dawson 1995 and Vasile 1989]. Only the main characteristics of the

quadrupole devices will be reviewed here, more details can be found in Edmond

Hoffmann and Peter Dawson’s books [Dawson 1995, Hippler 2001, Hoffmann 2002].

The quadrupole mass filter ideally consists of four, parallel, hyperbolic, conducting rods,

but cylindrical rods are used in practice. A potential that combines a dc potential (Udc)

with a radiofrequency potential (Vrf cos (t)) of frequency f =/2 is applied on each

rod; the opposite rod has the same potential (Fig. 49).
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Figure 49: Quadrupole with cylindrical rods and applied potentials

The trajectories of ions of mass M and charge Ze are governed by the following

equations:

0x)tcosVU(
Mr

Ze

dt

xd
rfdc2

0
2

2

 , {III.1.6}

0y)tcosVU(
Mr

Ze

dt

yd
rfdc2

0
2

2

 , {III.1.7}

0
dt

zd
2

2

 , {III.1.8}

The ions maintain their velocity in the z direction and oscillate transversally in the

x and y directions. Their movement in the axial direction near the center of this system is

described by the Mathieu differential equation [Dawson 1995]:
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{III.1.9}
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The solution to Mathieu’s equation can be expressed by:
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where ’ and ” are the integral constants, which depend on the initial conditions at the

mass filter entrance. The constants C2n,  and the nature of the ion motion depend on the

values of a and b and not on the initial conditions. This is an important characteristic of

the Mathieu equation. The solutions of the Mathieu equation are sinusoidal or

exponential. If the oscillation amplitude is small, the ions can pass through the mass filter,

but for larger oscillations, the ions will be lost and neutralized by striking one of the rods.

The conditions of the ion trajectories stability are presented in Fig. 50. The

quadrupole of the EQP 300amu operates at a constant frequency of 1.6 MHz. For an ion

of any mass, x and y can be determined and stability regions can be defined on Fig 50.

Ions with masses below the stable region on the diagram of stability are deflected along

the x-direction toward the rods. The ions with masses above this region are deflected

along the y-direction.

The operational lines are defined by different values of Udc and Vrf with constant

Udc/Vrf ratio. Fig. 50 shows that if the operation line crosses the top of the stability

regions, a good mass resolution can be achieved (M1 and M2 are well separated). On the

contrary, if the slope of the line is lower, the resolution is reduced (M1 and M2 are not

resolved when the operation line slope is too low). The mass resolution is then controlled

by the operation line slope. By changing the Udc and Vrf through a constant ratio (thus

changing a and b while keeping the same operational line), other ions can pass through

the mass filter and reach the detector. This is the way that a mass spectrum is scanned.
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Figure 50: Mathieu diagram of stability of the ion movement in a quadrupole field for two different
mass (M1<M2)
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The mass resolution of the quadrupole, which depends on the number n of ion

oscillation cycles through the quadrupole, is defined by the following empiric relation

[Dawson 1995, Perrin 1997]:

2.12

n

M

M 2




With
Z

q
E2

M
Ln  {III.1.11}

where Lq is the length of the quadrupole and Ez is the ion energy in the z direction of the

quadrupole.

Detector

After the quadrupole, the ion strikes the input face of the channeltron (Fig. 51)

and typically produces two to three secondary electrons. The input face of the

channeltron is a secondary emitting surface. These electrons are accelerated inside the

detector through a positive bias. They then strike the channel walls and produce

additional electrons. This phenomenon occurs several times and is called a cascade of

electrons. At the end of the channel, a pulse of 107 to 108 electrons emerges for one

impinging ion. For positive ion detection, the first dynode is usually at a negative voltage

of around -1200V and the output is at a positive voltage. The detection efficiency is

defined as the probability of an incident-charged particle to produce an output pulse and

create a count. This parameter depends on the ion energy at the point of impact and the

ion mass to charge ratio (m/z) [Reagan 1987]. Usually channeltron detection efficiency

decreases with the ion mass.

This kind of device does have several drawbacks, including its limitation to 5x106

counts per second. However, the output signal does not need to be amplified, which

allows a low count per second detection due to the low signal-to-noise ratio.
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Figure 51: Channeltron Electron Multiplier [Hiden]

In order to maintain a stable measurement, the operational stability of the detector

needs to be checked regularly, and the detector should operate at a voltage just below the

plateau region where the number of counts does not change with the multiplier voltage

(Figure 52).
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Figure 52: Typical Detector operating curve

The supplier [Hiden] recommends to set the multiplier at 90% of the maximum

intensity (the plateau area). The lifetime of the detector can be improved a hundred times

when the mass spectrometer pressure is reduced from 1x10-6 to 1x10-8 Torr. The

sensitivity of the channeltron electron multiplier is not constant; as the multiplier inner

surface ages, the voltage must be increased. In this study, the Multiplier’s voltage has

been increased from 1850V to 2300V during the whole experimental period and has been

weekly calibrated in RGA mode.

Time-resolved mass energy spectrometry
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In order to perform time-resolved measurements, the EQP analyzer is gated by a

TTL pulse (5V positive square pulse) that is synchronized with the PLAD voltage pulse

(Fig. 53). A delay generator synchronized to the PLAD voltage pulse is used to vary the

delay time between 0 and 500s. A 2s time resolution is achievable and the delay time

between the TTL pulse and PLAD pulse is adjustable, so as to allow ion sampling at the

beginning, middle or end of the PLAD pulse. A narrow TTL pulse leads to a good time

resolution, but low count rate, and usually a balance between resolution and statistics is

necessary. The acquisition time slot was set from 5 to 50 s. For all measurements in this

work, t=0 was defined by the start of the wafer bias voltage.

Figure 53: Schematic timing diagram of the time-resolved ion mass and energy measurements. Shown
above are the timing scales for time-resolved ion mass and energy measurements: (a) the
wafer bias voltage, (b) delay signal, and (c) gating pulse [Koo 2004].

Transit time

For time-resolved acquisition, the transit time of the ions inside the mass

spectrometer must be known. In order to estimate this transit time, the apparatus will be

divided into four sections [Hiden] (Fig. 54):

- Extraction section

- Energy analyzer section

- Mass filter section

- Detector section
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Figure 54: Transit time inside the mass spectrometer divided in four sections [Hiden]

The total transit time inside the mass spectrometer is defined by:

detmassenaext  {III.1.12}

The extractor and energy analyzer are treated with a 3D electrostatic model (described

later) for better accuracy, while the mass and detection sections are treated analytically.

 Mass Filter Sector

Ions transit through this sector with an energy defined by the entrance and exit

energy called Transit-Energy (voltage Vte), which is adjustable. The transit time is

[Hiden]:

te

massmass
eV2

M
s {III.1.13}

with smass being the length of the mass filter sector. In our case, smass is equal to 0.1778m.

 Detector section

When the ions enter this section with a constant energy, they are accelerated

through the first dynode potential. The entry energy for this section will be neglected and

set to zero, which does not cause a significant error. The transit time inside this section is

[Hiden]:

dyn

detdet
eV

M2
s {III.1.14}
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with sdet being the length of the detector section and Vdyn the first dynode voltage. In our

case, sdet is equal to 0.0415m.
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Figure 55: Calculated transit time into the mass spectrometer for different masses with the calibration
set-up of a 500V 75mTorr PLAD implantation

Fig. 55 shows the calculated ion transit time into the EQP as a function of the ion

mass using the experimental calibration set-up of a 500 eV ion during a 500 V 75 mTorr

PLAD implantation. As expected, the transit time into the mass spectrometer is longer in

the case of higher ion masses. The ion transit time difference between 500 eV and 10 eV

BF2
+ is less than 1 s and will be neglected in all the time resolved mass spectrometry

measurements.

Mass spectrometer considerations and experimental set-up

Mass spectrometry goal and motivations for this study

The main goal of this mass spectrometer study is to accurately measure the Ion

Energy Distribution (IED) of the ions reaching the PLAD cathode for the sub-KeV

plasma-based ion implantation. The energy and mass transmission inside the mass

spectrometer need to be investigated and optimized to obtain an accurate result. A three-

dimensional (3D) electrostatic model of the mass spectrometer was developed to
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optimize the transmission and calculate the ion transit time as well as the angular

acceptance of the mass spectrometer.

Figure 56: 3D electrostatic model of the EQP

The model was created using Opera 3D software from Vector Fields. Previous

electrostatic simulations [Hiden, Budtz-Jorgensen01 and Low 1995] were made using

two-dimensional electrostatic software reaching up to the entrance of the energy analyzer.

The non-linear parts of the EQP, such as the quad lens in front of the energy analyzer,

need to be simulated using a 3D model. Fig. 56 shows a picture of the 3D model used

here. It is composed of the extraction optics, the drift tube, the quad lens, the energy

analyzer and the focusing lens.

Modification of the optics voltage set-up

 Original configuration :

In the original configuration of the mass spectrometer, the extractor and Lens 1

voltage were controlled by an external power supply. All the other voltage settings of the

mass spectrometer were connected to a reference voltage, which was scanned to measure
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ions with energies ranging from 0 to 1000eV. This configuration proved to be inadequate

for a time-resolved pulsed plasma study.

In this particular configuration, as Extractor and Lens 1 potentials were fixed, all

the ions from the plasma penetrated into the mass spectrometer. Energetic ions were

decelerated after Lens 1. As the deceleration took place after the first electrostatic lens,

there was no focusing lens before the drift tube. The divergent ion beam was thus

propagated up to the entrance of the energy analyzer, diverging inside the drift tube. The

ion beam angular spread was too large and all the ions could not pass through the three-

millimeter aperture at the end of the energy analyzer, as illustrated in Fig. 57.

Figure 57: Beam trajectory inside the mass spectrometer model and divergence angle of a 500eV BF2
+

measured at the exit plane of the energy analyzer and zoom on the exit of the electrostatic energy
analyzer of the mass spectrometer model

Moreover, the extractor voltage needed to be set to a lower value than the cathode

voltage to be able to monitor all ions whatever their energy (from 0 to 1000eV). When

the cathode voltage was returned to zero volts during the pulse-off period, ions from the

afterglow were accelerated and detected as energetic ions.

This configuration created several transmission problems for the energetic ions

inside the mass spectrometer. As shown in Fig. 58, the calculated transmission efficiency

of normal incident ions inside the mass spectrometer was not constant for the range of ion

energies studied. It rapidly decreased for ion energies higher than 200eV.
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Figure 58: Calculated transmission efficiency of 100 to 500eV BF2
+ ion with normal incidence at the

entrance of the mass spectrometer

This was confirmed by the ion energy distribution of BF2
+ ions reaching the

cathode with different cathode voltages as shown in Fig. 59. These distributions were

experimentally measured during the pulse-on period. Depending on the wafer current

density, the relative total ion flux should increase with the cathode voltage (see section

II.2.2.2.a). However, the measured relative BF2
+ flux is strongly decreased when the

cathode voltage is raised.
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Figure 59: BF2
+ ion energy distribution measured during the pulse-on period at different cathode

voltage from100 V to 500 V at 30 mTorr, 2500 Hz with 10 cm anode to cathode spacing in the hollow
cathode mode pulsed at 1500 V
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In short, this mass spectrometer operation set-up was not suitable for our purposes,

because it presented problems with the time-resolved measurements and with the

transmission efficiencies of the energetic ions.

 Pulsed extraction configuration:

In order to solve the transit-time problem inside the mass spectrometer, a pulsed

extraction system linked to the cathode-pulsed voltage was used. A constant dc voltage

was added to the cathode voltage. This mode of operation led to a constant extraction

voltage during the pulse-on and the afterglow and the afterglow, ions were thus not

measured as energetic ions. However, the energetic ions from the pulse–on period still

decelerate after the Lens1. The energetic ion transmission inside the mass spectrometer

still remains a problem under this mode of operation.

 Extraction optics voltage linked to the reference potential:

Following this first set of experiments, a further configuration of the mass

spectrometer was investigated. Based on the mass spectrometer’s electrostatic simulation,

the extraction sector’s voltage set-up was modified. The whole mass spectrometer can

thus be floated from 0 to -1000 V, which allows us to scan ion energies ranging from 0eV

to 1000eV. The extractor and Lens 1 voltages are now linked to the reference potential of

the mass spectrometer (see Fig. 60).

A comparison of the different potentials applied on the front of the mass

spectrometer under the new configuration and the original configuration, with the

calibration used for a 500V implantation, can be found in Appendixes 1a and b. Under

this mode of operation, the energetic ions are decelerated between the cathode and the

extractor, and the focal point is optimized by Lens 1 to obtain a better focusing of the

beam. Appendix 1 also shows a comparison of the divergence angles of 500 eV BF2
+ at

the end of the mass spectrometer drift tube for the original and new electrostatic lenses

set up at the entrance of the mass spectrometer. The angular spread created by the
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deceleration is reduced by a factor of 3 when the Extractor and Lens 1 are linked to the

reference.

In the case of a cathode voltage of -1000V, with the reference voltage at 0V, ions

of 1000eV are measured; with a reference voltage of -500V, ions of 500eV are measured;

and with a reference voltage of -1000V, low-energy ions are measured.

Figure 60: Mass spectrometer voltage set-up

The ion calculated transmission efficiency is constant inside the mass

spectrometer for the full range of ion energies analyzed here. When using time-resolved

measurement, ions from the pulse-on and from the pulse-off can be easily separated. This

mode will be the one used in all of the following experiments.

Mass spectrometer transmission and angular acceptance

Under all the experimental conditions used (Vb = -1000 V to 0 V), all ions with a

normal incidence angle has 100 % transmission efficiency inside the mass spectrometer

up to the entrance of the quadrupole. As all the operating voltages are floated on the
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reference potential and the deceleration of the energetic ions occurs before the entrance

of the mass spectrometer, the EQP operates in a correct manner. The Lens 1 can focus the

ion beam before the drift tube and a good transmission is achievable.
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Figure 61: BF2
+transmission efficiency inside the mass spectrometer with different cone angle at the

entrance of the EQP with the experimental settings of a 500V 100mT PLAD implant

A simulation of the transmission efficiency of BF2
+ ions when using different

entrance angles ranging from 0.5o to 5.5o is presented in Fig. 61. The experimental

calibration of the EQP during a 500V 100mT PLAD implant is used as an input for the

simulation. The transmission efficiency is maintained at 100% for incident angles up to

1o, while it decreases quickly for incident angles greater than 2o. However, under our

experimental conditions, ions are suspected to have a low incidence angle (< 1o) [Vahedi

1992].

Experimental study of the mass spectrometer transmission

The goal of this section is to establish the experimental mass transmission inside

the mass spectrometer when the mass spectrometer is operated in SIMS mode. As it is

difficult to compare directly the incident number of ion entering the EQP to the number

of ions detected by the channeltron, the calibration is performed using the EQP RGA

mode.
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The global mass transmission inside the mass spectrometer is estimated using the

RGA operation mode at a constant gas pressure, with different rare gases of mass m such

as helium, neon, argon and xenon. Each ion specie mj created through electron impact

ionization of the parent molecule inside the ionization chamber is accelerated to 40eV

before reaching the detector. The intensity of each ion species of mass mj that is detected

can be expressed as [Chevolleau 1998, Singh 1999]:

)m()m(FI)m(n)m(I jjesj  {III.1.15}

with

- I(mj): the measured relative intensity of the ion with mass mj

- )m(n s : gas density inside the mass spectrometer

- Ie : electronic emission current

- F(mj): transmission factor of an ion with a mass mj inside the mass

spectrometer

- jm( ): ionization cross-section of neutral particle of mass m into an ion of

mass mj

For all of the different rare gases used, the extraction efficiency from the

ionization cage is estimated to be constant [Singh 2000]. As the pressure inside the

process chamber is linearly proportional to the mass spectrometer pressure for the

pressure range used, the relation {II.1.15} becomes:

)m()m(F)m(KI)m(n)m(I jjePLADj  {III.1.16}

with

- )m(n PLAD : gas density inside the PLAD process chamber

-
PLAD

s

PLAD

s

P

P

)m(n

)m(n
)m(K  : transmission coefficient of the mass spectrometer

entrance aperture for a gas of mass m
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The transmission coefficient of the mass spectrometer aperture is equal to the

ratio of pressure inside the mass spectrometer Ps to the pressure inside the process

chamber PLADP . As the pressure of the mass spectrometer is measured using a cold

cathode gauge, the pressure measured for different gases needs to be corrected using a

compensation factor supplied by Pfeiffer Vacuum [Pfeiffer]. In the range below 10-5

mTorr, the pressure correction is linear with pressure. For gases other than air, the

pressure can be determined through a simple formula:

 1KPs Pressure indicated {III.1.17}

The K1 conversion factor is shown in table 3.

Gas type K1

Air (N2, O2, CO) 1
Xe 0.4
Kr 0.5
Ar 0.8
Ne 4.1
He 5.9

Table 3: Conversion factor for different gases for the cold cathode pressure gauge Pfeiffer Vacuum
model TSF 012

Using conversion factor from table 3, the pressure inside the mass spectrometer is

corrected and plotted as a function of the pressure inside the PLAD process chamber

ranging from 0 to 300mTorr in Fig. 62 for helium, neon, argon and xenon.
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Figure 62: Mass spectrometer corrected pressure Ps versus the PLAD process chamber pressure for
helium, neon, argon and xenon



Chapter III Plasma diagnostics and surface characterization

L. Godet 98

The coefficient K(m) is estimated using the slope of the straight line Ps versus

PLADP for different gases. The transmission coefficient at the entrance of the mass

spectrometer rapidly decreases when the mass rises and is inversely proportional to the

square root of the mass. Fig. 63 shows its evolution for different gases.

Figure 63: Experimental and calculated entrance aperture transmission factor as a function of mass

The K(m) can also be calculated analytically using the conductance of the

entrance aperture. The thickness of the aperture will be neglected in this calculation and a

simple schematic of the experimental set-up is shown in Fig. 64.

Figure 64: Schematic of the experimental system

In the case of molecular flow, the gas flow through an entrance aperture is

governed by the following equation [O’Hanlon 2003]:
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where A is the area of the mass spectrometer entrance orifice. As observed previously,

PLADP is much higher than SP , so equation {III.1.18} becomes:

 PLADP
m

kT
AQ 










2
1

2
{III.1.19}

The gas flow Q can also be expressed as a function of mass spectrometer

pressure SP and pumping speed SS :

SS SPQ  {III.1.20}

Using the equations {III.1.19} and {III.1.20}, which linked the flux Q as a

function of PLADP and SP , the entrance aperture transmission factor can be expressed by

the following equation:

2
1

2
)( 










m
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P

P
mK

SPLAD

S


{III.1.21}

This analytical aperture transmission factor is then inversely proportional to the

square root of the mass and can explain the shape of the K(m) obtained experimentally in

Fig. 63.

The calculated K(m) is in good agreement with the one experimentally measured

for masses greater than 20 amu but in the case of helium a strong disagreement is

observed. K(M) experimentally was measured using the reading of a cold cathode gauge.

According to the gauge supplier, the conversion factor inaccuracy of the type of gauge

that is used on the mass spectrometer is greater than 15%.

When the mass of the parent molecule is identical to the ion mass created (m =

mj), the global transmission coefficient T(m) of the mass spectrometer T(m) = K(m) F(m).

{II.2.13} becomes:
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)m()m(TI)m(n)m(I jePLADj  {III.1.22}

In order to experimentally estimate the global transmission coefficient, we kept a

constant pressure of 50mTorr inside the process chamber for each gas used (He, Ne, Ar,

Xe). A constant emission current of 100A and a 70eV electron energy was maintained

inside the ionization chamber. The electron impact cross-section at ionization energy of

70eV for the different gases is presented in Table 4, based on the compilation of electron

cross-sections by A. V. Phelps [Phelps].

Table 4: Ionization cross section at 70eV for different gases [Phelps]

Fig. 65 shows the evolution of the global transmission factor, T(m) for different

gases. The coefficient T(m) decreases rapidly when the mass is increased, for masses

ranging from 0 to 20amu. For masses higher than 20amu, the coefficient is mostly

constant.
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Figure 65: Mass spectrometer global transmission factor as a function of mass
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The mass spectrometer transmission F(m) is estimated using the global

transmission factor and the entrance aperture transmission factor through the following

relation:

)m(K

)m(T
)m(F  {III.1.23}

F(m) has been normalized by F(40amu). Fig. 66 shows the normalized

transmission inside the mass spectrometer (energy analyzer, quadrupole and channeltron).

The experimental transmission based on the measured K(m) and the calculated K(m) are

in good agreement except for the helium point.

Figure 66: Mass spectrometer transmission factor as a function of mass normalized to the argon
transmission using the experimentally measured and calculated K(M) and compared to the theoretical

mass spectrometer transmission

The mass transmission inside the mass spectrometer given by the supplier is

proportional to the product of the transmission efficiency of the quadrupole mass filter,

t(m) and the detection efficiency of the channeltron detector θ(m) and is estimated to 

follow a curve
m

1 [Dawson 1995, Kessels 1999].

15.05.0)()()(   mmmmmtmF  {III.1.24}
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The expected transmission curve normalized to the argon transmission is plotted

in red in Fig 66. However, this curve does not fit the experimental points with the

calculated K(m) or the experimentally measured K(m). One of the possible explanations

for the difference between expected transmission and the measured transmission maybe

due to the way the calibration was performed. The measurements of IED for different

gases were performed using the Argon calibration. The transmission of the mass 40 was

then optimum but most probably the optimized argon settings are not the optimum setting

for the masses 20 or 4. The mass 40 is then privileged compared to the light masses and

the transmission does not follow an
m

1 equation.

In chapter V, part 2, the dopant depth profile is predicted based on the measured

IED. This correlation shows that the simulation and SIMS profile are in good agreement

and therefore confirms that the mass transmission is not proportional to
m

1 equation

(the prediction profile will not match the measured dopant depth profile if the mass

transmission varied as 1m ).

In summary, when settings are optimized for argon (mass 40), the transmission

slightly decreases for lighter ion masses. In the following, settings are optimized for BF2
+

(mass 49) and the transmission probably slightly decreases for masses lighter than 49 (B,

m = 10 for example). However, due to the uncertainties listed above the relative ion

fraction will not be corrected and the mass transmission will be assumed to be constant

for the whole range of mass studied (1 to 150 amu).

Bulk plasma study: mass spectrometer inside the anode

For Bulk plasma studies, a special anode was designed to insert the mass

spectrometer in the middle of the grounded electrode. As shown in Fig. 67, the ion mass

and energy analyzer (EQP) was installed above the anode plate.
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Figure 67: Schematic diagram of PLAD process chamber with an ion mass and energy analyzer
installed in the center of the anode

The EQP analyzer is electrically isolated from the anode plate by a small vacuum

gap. Ions reaching the anode enter the probe through a 100 m diameter aperture at the

center of the anode. The 100 m diameter aperture also provides the differential pumping

needed to reach high vacuum (<1.510-6 Torr) inside the EQP probe. The small aperture

on the anode also minimizes disturbances to the local plasma and electric field. The bulk

plasma ion species could be studied using this mass spectrometer set-up. An example of

time resolved measured ion energy distributions for a Ar+, 3 kV, 30 mTorr discharge is

presented in Fig. 68.



Chapter III Plasma diagnostics and surface characterization

L. Godet 104

0 5 1 0 1 5 2 0 2 5

0

1

2

3

4

5

2 0 to 2 5

1 0 to 1 5

2 5 to 3 0

E n e rg y (e V )

1 5 to 2 0

5 to 1 0

Tim
e

(µ
s)

0 to 5

In
te

n
s
it

y
(a

.u
.)

0 5 1 0 1 5 2 0 2 5

0

1

2

3

4

5

2 7 0 to 2 7 5
1 0 0 to 1 0 5

5 5 to 6 0
4 0 to 4 5

E n e rg y (e V )
Tim

e
(µ

s)

3 0 to 3 5

In
te

n
s
it

y
(a

.u
.)

Figure 68: Time-resolved IEDs of Ar+ ion incident to a grounded anode surface, 3 kV bias, 30 s pulse,
2500 Hz frequency, and 30 mTorr. (a) Pulse-on, (b) pulse-off [Radovanov 2005]

The distributions are measured from 0 - 30 μs during the pulse on and from 30 to 

275 μs during the pulse-off period with a time resolution of 5 s. The shape and average

energy during the pulse on and pulse-off periods depend on the time over which the

distributions are accumulated.

The build up of the ion-energy distributions approaching the steady state is

evident from the time resolved distributions shown in Fig 68a. The IEDs at the beginning

of the pulse have two peaks, one at ~1 eV and the other at ~5 eV. The small peak at the

lower energy level is related to the initial stage of the pulse-on period, while the larger

peak at the higher energy level corresponds to the fully developed plasma and the early

stage of afterglow. The energy of the larger peak is approximately equal to the plasma

potential as measured by the Langmuir probe. The plasma potential peak is not only

determined by the pulse voltage and pressure, but also by the pulse width, duty cycle

ratio, electrode surface conditions and plasma chemistry. Due to the positive voltage

overshoot, the plasma is maintained after the pulse is switched off. The plasma response

(b)

(a)
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to the overshoot is visible in the Ar+ IEDs during the afterglow (see Fig 23 and Fig 68b),

which is centered at a new Vp value around 20eV. After the pulse-on, cold plasma decays

for several hundred microseconds and never completely extinguishes before the start of

the next pulse.

The bulk plasma measurements were also performed in a reverse bias

configuration. The mass spectrometer is installed inside the cathode, which is grounded

for bulk plasma experiments and the anode is pulsed negatively.

Study of ions traversing the sheath: mass spectrometer inside the cathode

The configuration of the mass spectrometer inside the high voltage electrode is

shown in Fig. 69. Here, the cathode can be negatively pulsed between 0.1 kV to 5 kV and

the mass spectrometer can float negatively between 0 and 1 kV.

Figure 69: Schematic diagram of the mass spectrometer installed in the middle of the PLAD cathode

In order to install the mass spectrometer in the middle of the cathode, the bottom

of the cathode was redesigned, as illustrated in Fig. 70 and 71. A special water-cooled

aluminum gravity platen was designed. The wafer-lift pin assembly system was also

modified.
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Figure 70: Design of EQP Mass spectrometer inside the PLAD cathode

The power supply matching unit was also modified; the cathode and HC matching

unit is now separated into two pieces (cf Appendix 2). The special platen is composed of

two pieces (see pink and green pieces Fig. 70 and 71). A 75m aperture was located in

the middle of the “center platen” (in green in Fig. 70 and 71). This center piece could be

replaced for cleaning or maintenance purpose. As the alignment of the mass spectrometer

and the cathode is very important to obtain a correct measurement, the entire cathode was

designed with very tight precision. In order to correctly align the mass spectrometer, a

special adjustment platen was developed to replace the “center platen” during the mass

spectrometer alignment.
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The body of the mass spectrometer was insulated from the high voltage cathode

(Fig. 71). A differentially pumped system was used to ensure that a good vacuum is

maintained between the mass spectrometer and the cathode, and to avoid arcing between

the mass spectrometer‘s body and the PLAD cathode.

Figure 71: Mass spectrometer insolated from the cathode

In order to collect IED data during the plasma doping process, a 200 mm silicon

wafer with a laser cut aperture in its center was introduced under vacuum inside the

process chamber through an isolation valve between the load-lock and the process

chamber using a wafer-handling robot. The special 200mm wafer site on the redesigned

cathode and can be replaced under vacuum. When the plasma is on, the ions are extracted

directly from the plasma through the aperture drilled into the center of the wafer. The

extractor aperture was set to 2 mm (Fig. 72) to achieve a good transmission and a good

pumping speed, and to reduce collisions during the ion transport to the EQP. A 1mm gap

was kept between the mass spectrometer and the cathode to avoid any arcing. By using a

differential pumping system, a base pressure of 2x10-8 Torr inside the mass spectrometer

can be achieved.
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Figure 72: Wafer, platen and Mass spectrometer extraction optics set up

In order to increase the transmission efficiency of the extraction optics and

minimize the effects of field perturbations and gas collisions, detailed optimizations were

made using 2-dimensional electrostatic models. In essence, the flat extraction lenses

normally used were replaced by conical Pierce-angled optics and the inter-electrode gaps

between the extractor and the PLAD platen were modified. The new geometry, in

addition to lowering perturbations of electric field, also allows for better gas pumping

thus lowering losses due to collisions. The modified spectrometer operates in a more

efficient way that is suitable to the study of pulsed DC plasma. This scheme allowed

collection of the ion species from the cathode sheath during the discharge.

An example of typical measured ion energy distributions in BF3 plasma of the

ions that cross the high-voltage sheath is shown in Fig. 73. The shape of each IED will be

described in detail in chapter IV.

Extractor

75s aperture
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Figure 73: B+, BF+, BF2
+, BF3

+ IED normalized to the total ion flux for a 500 V BF3 plasma at 100
mTorr and 2500 Hz

In order to have a stable PLAD configuration (not submitted to production or

development constraints), a special PLAD test stand was developed during this thesis.

The test stand is composed of an industrial PLAD process chamber, a manual 200mm

loadlock, a Langmuir probe installed on the side of the chamber, a mass spectrometer

installed in the center of the high voltage cathode and an optical emission spectrometer

(see Appendix 2). It is operated using the same software and same hardware as the

industrial PLAD machine.

Mass spectrometry measurement in a pulsed DC plasma

In this section a general discussion on the method used to obtain an accurate

measurement for a pulsed DC plasma with high-energy ions is presented.

Mass distribution concerns

When a mass distribution scan is performed using the EQP, the ion energy

analyzer setting is optimized for a specific ion mass. In order to compare the relative

abundance of ions based on the mass distribution, the assumption is that all ions have the

same maximum energy (  Max ).
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For example, when the bulk plasma is studied, ion energy spread is usually small.

A mass distribution is thus acceptable to compare the relative ion abundance from the

bulk plasma. When it comes to measuring energetic ions accelerated across the sheath,

ion energy is strongly dependant on the sheath collision processes, which vary for

different ion masses and the ion energy spread is large.

For example (based on Fig.73), when acquiring a mass distribution, the ion

energy is set to collect ions with 20 eV energy, where BF2
+ ion is measured as the

dominant ion. However, when the energy is set to collect ions with 300 eV, B+ ion

becomes the dominant species. When the energy is further increased to 450 eV, only B+

is detected in the mass distribution spectrum. Therefore, a mass spectrum does not always

reflect the correct relative abundance of the different ions reaching the cathode, but only

their relative ratios for a certain energy. As different ions have different transit times

inside the mass spectrometer, the mass distribution does not accurately estimate the ratio

between the different ions during the time-resolved measurements when pulsed plasmas

are in use.

To summarize, mass distribution acquisition will not be shown for time-resolved

measurement when measuring energetic ions. It will be used only to characterize bulk

plasma with time average measurements. The acquisition of IED for each ion reaching

the cathode is thus a better way to estimate the relative abundance between the different

ions of the plasma.

Measurement of IED:

This section will present how the IED are collected with the mass spectrometer.

Two different modes of acquisition are available: the Energy scan and the Reference scan

(see Fig.60).
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a) Bulk plasma: Energy scan

In the case of the energy scan, ions with energies between 0 and 100 eV can be

measured. Under this configuration, Extractor and Lens 1 voltages are fixed to a certain

value during the acquisition, while the other voltages, such as Lens 2 and Focus 2 are

linked to the Energy potential. This configuration is similar to the one used prior to the

modification of the voltage setup as described in section (III.1.5.1). This configuration

provides good ion energy transmission inside the mass spectrometer for ion energies

below 100 eV.

Figure 74: Bulk plasma time average Energy scan spectrum of Ar+ during a 3kV 30mTorr 10cm 2500
Hz Argon glow discharge

As can be seen in Fig. 74, an Energy scan provides a direct reading of the ion

energy. This method is used for the bulk plasma study when the ion energy is lower than

50 eV.

In order to understand the shape of the IED in the pulsed plasma and analyze the

origin of each peak in its distribution, a time-resolved measurement is needed. For

example in Fig.74, two peaks were observed in the Ar+ time-averaged IED. It is not

possible to explain how these two peaks are created without performing time-resolved

measurements by mass spectrometry or Langmuir probe (measuring the evolution of

plasma potential during the pulse could help understand the origin of peaks in the IED).
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Once time-resolved measurements are performed (see Fig. 68), the two peaks can be

identified: the low-energy peak at 4eV corresponds to the ion energy during the pulse-on

period, while the peak at 18eV corresponds to the energy of the ion during the afterglow.
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Figure 75: Time evolution of maximum intensity of BF2
+ ion, -1 kV, 41 mTorr, 2500 Hz and of Ar+ ion,

3 kV, 30 mTorr, 30 s.

Time-resolved measurements are also necessary to study the ion flux increase and

decay during the pulse development. An example of the time evolution of the maximum

of intensity for BF2
+ and Ar+ is shown in Fig. 75.

b) Ions accelerated by the high-voltage sheath: Reference scan

In the case of a Reference scan, ions with energies between 0 to 1000 eV can be

detected. This is accomplished by changing the reference voltage with all other

electrostatic lenses floating above the Reference voltage. As this is the only way to

measure the energy distribution up to 1000eV, this mode is the one required for

monitoring the energy of the ions accelerated by the high-voltage sheath. An example of

an Ar+ Reference scan performed in an argon plasma at 50 mTorr, with 1 kV applied to

the cathode, is shown in Fig. 76.
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Figure 76: Pulse-on period time-resolved measurement of Ar+ reaching the cathode for a 1 kV 50 mTorr
50s 2500 Hz 5 sccm, 5 cm implantation. Reference scan measurement is used

As discussed previously (III.1.5.2), when the reference is equal to the cathode

voltage, ions experience no acceleration or deceleration before entering the mass

spectrometer and the energy of detected ions is equivalent to zero electron-volt ions.

Conversely, when the reference is set at zero volt, only the energetic ions with the full

sheath acceleration can penetrate inside the mass spectrometer. These ions have an

energy equal to cVe (see Fig. 77).
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Figure 77: Pulse-on period time-resolved measurement of Ar+ IED measured at the cathode for a 1 kV
50 mTorr 50s 2500 Hz implantation
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In order to convert the Reference scan into an actual IED, each reference voltage

bin needs to be converted to the correct energy through the following equation:

 creference VVeE  {III.1.25}

The Ar+ ion energy distribution is presented in Fig. 77. In this manuscript, all the

IED will be presented through this conversion.

Ions accelerated across the sheath during time-resolved measurements

Due to the fast changes of the electric field during the plasma rise and fall time,

measuring the IED of ions accelerated by the high-voltage sheath becomes more

challenging.

c) Ions across the sheath: What can be learned from the rise and fall

times of the pulse

For time-resolved measurements, the EQP analyzer is gated by a TTL pulse that is

synchronized with the PLAD voltage pulse. A 2 s time resolution is achievable with the

current EQP probe. The delay time between the TTL pulse and PLAD pulse is adjustable

to allow ion sampling at the beginning, middle and end of the PLAD pulse. The TTL

pulse width is optimized, taking into account the trade-off between time resolution and

count rate. In the steady state, the energy of each ion is well defined and the mass

spectrometer time resolution is adequate. During the rise time and fall time of the pulse,

the time resolution of 2s is insufficient to accurately determine the shape of the IED. As

the cathode voltage is rapidly changing during the measurement, the conversion defined

by equation {III.1.25} is not valid.

An example of a time-resolved BF2
+ IED during the entire pulse-on period is

shown in Fig. 78, with a 10 s time resolution for a 500 V, 100 mTorr and 2500 Hz BF3

glow discharge. During the first 5 s, the cathode voltage decreases from 0 to - 565V and

the IED between -5 to 5 s is a combination of those ions that undergo different cathode
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accelerations. Therefore, the determination of their energy distributions is made

impossible. In most cases, 15 s is the necessary time to reach the steady state cathode

voltage. The same observation is valid when the pulse ends, between 50 to 65s, the ion

exact energy is not known. The IED measured between 55 and 65s clearly shows the

decay part of the pulse ({II.1.25} is again non-valid).

Figure 78: Time resolved BF2
+ IED measured by the mass spectrometer installed in the center of the

high-voltage cathode, with a time resolution of 10 s for a 500 V, 100 mTorr, 50 s, 5sccm, BF3 glow
discharge plasma at 2500Hz

An accurate IED measurement during the rise time and fall time of the cathode

pulse will thus not be possible because of the time-step resolution limitation of the mass

spectrometer. However, during these dynamic changes, the number of ions detected by

the mass spectrometer is still accurate (only the exact energy of each ion is unknown) and

the relative ion flux measured remains valid.

A concern associated with the rise and fall time of the pulse is that it may affect the

ion mass and energy distributions, thus changing the implant profile. This concern was

ruled out in early studies of low-energy BF3 PLAD implantation, as boron SIMS profiles

-5 to 5s

5 to 45s

45 to 55s 55 to 65s
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showed no difference for different pulse-on widths (20 to 60 s) [Lenoble 2000] with

constant rise and decay times. The IEDs change during the rise and fall times of the pulse,

but during these dynamic changes, the ion density and the ion energy are lower than

during the steady state. Therefore no influence appears on the implant profile.
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Figure 79: Evolution during the pulse of the relative total ion flux and B+, BF+ and BF2
+ ion relative

fluxes measured through time resolved mass spectrometry

The time evolution of the different ion fluxes measured by the mass spectrometer

during the PLAD pulse is shown in Fig. 79 (Ion flux is defined here as the integral of the

IED). During the first 10s of the pulse-on, the sheath is expanding and the relative ion

flux is increasing. After 15 s, the relative total ion flux is stabilized and the IED of the

different ions remain the same. During the decay, the total ion flux decreases as the

sheath collapses. This observation allows us to improve the statistics of the EQP system

by employing a wide TTL gate pulse, starting at 20 s after the beginning of the pulse

and ending at 50 s.

In the next section, all IEDs are measured in the high-voltage sheath when the

cathode voltage is constant and the energy of each ion is well defined. Large TTL gate

pulse will be employed, starting after 15s and stopping at the end of the pulse.

d) Mass spectrometer calibration and transit time concern
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During the calibration of the mass spectrometer, the Quad Lens parameters (Vert,

Horiz and D.C. Quad) are very sensitive.

An incorrect calibration affects the transit time of ions inside the mass

spectrometer. Even if the autotune method is used, a significant error could be made in

the time-resolved acquisition mode. This occurs particularly in cases where signal to

noise ratio is low. By monitoring the ions reaching the detector with a fast-acquisition

oscilloscope, the above mentioned parameters can be set correctly. Fig. 80 shows an

example of the vertical voltage (Vert) calibration, as well as the effect of an incorrect set-

up. In Fig 80, the set-up (a) is a correct one, where ion signal duration is coincident with

the pulse length. On the other hand, set up (b) is incorrect because energetic ions with

1000 eV are still detected even 100s after the end of the high voltage pulse.

Figure 80: Correct and incorrect setting of the Vert parameter during its calibration are represented in
(a) and (b), both of which are monitored with a fast-acquisition oscilloscope. The ion energy was set to

1000 eV. Ton is the pulse-on period and Tion is the time over which the energetic ions are detected.

As mentioned previously, in order to perform an accurate time-resolved

measurement with the mass spectrometer, it is necessary to monitor the output ion count

signal of the detector with an oscilloscope and carefully adjust the voltage setup of the

Quad Lens and the other relevant optical elements.
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e) Validation of the energetic ion measurements

One way to verify if the transmission efficiency is constant inside the mass

spectrometer is to check the proportionality between the total relative ion flux, which is

measured with the mass spectrometer, and the ion current density.

Fig. 81 shows the relative total ion flux measured by the mass spectrometer, as a function

of the ion current density under several different plasma conditions: 1kV (30 to 70

mTorr; 500Hz to 3000Hz), 750V (40 to 70 mTorr) and 500V (100 to 250 mTorr) The

relative ion flux is calculated by summation of the integrated ion energy distributions for

all ions reaching the cathode. The ion current density is calculated using the following

formula:

)1(a

I
j

c

c
i


 {III.1.26}

where Ic is the measured cathode current, ac is the cathode area and  is the secondary

electron emission coefficient.
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Figure 81: Relative total ion flux measured with the mass spectrometer as a function of the ion current
density for 1kV (30 to 70mTorr, 500Hz to 3000Hz), 750V (40 to 70mTorr) and 500V (75 to 250mTorr)

BF3 plasma
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A linear relationship is observed between the ion current density and the relative

total ion flux. The linear response of ion flux to pressure suggests a good ion detection

efficiency and constant transmission inside the mass spectrometer in this pressure range.
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III.2 Langmuir probe

A basic Langmuir probe consisting of a simple metal wire inside a plasma was

first developed by Irving Langmuir and his coworkers in the 1920’s [Langmuir 1924],

[Mott-Smith 1926]. In this work, a moveable Langmuir probe, commercialized by

Scientific System, was employed to measure plasma parameters including the electron

density ne, the ion density ni, the electron temperature Te, the plasma potential Vp, the

floating potential Vf and the Electron Energy Distribution Function EEDF under different

plasma conditions. In addition, the ion flux i of the ions reaching the surface exposed to

the plasma can be estimated. More information on the Langmuir probe can be found in

the following books: Hershkowitz [Hershkowitz 1989], Lieberman [Lieberman 2005] and

Ruzic [Ruzic 1994].

Principle

Fig. 82 shows the variation of the total electric current I measured by of the probe

as a function of the probe potential Vb. The current I collected at different voltages Vb is

the sum of the electron current Ie and the ion current Ii.
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Figure 82: Example of a typical I-V characteristic measured in argon plasma at 300V 45mTorr. Three
regions can be distinguished (I,II,III) as well as the potentials Vp and Vf.. A zoom of the ion saturation
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The plasma parameters are derived from the probe characteristic, which is

measured by varying the voltage applied to the probe and measuring the resulting current.

An example of a typical I(Vb) characteristic during an Argon implant at 300V 45mTorr is

shown in Fig.82.

Three distinct regions can be distinguished on a probe characteristic. In the first

region, all the electrons are repelled by the low negative probe bias voltage and only

positive ions contribute to the probe current. This part of the curve defines the ion-

saturation current (see in the zoom of this region in Fig.82).

In the second region, when Vb is closer to the plasma potential Vp, energetic

electrons are able to cross the potential barrier. The probe then collects electrons and ions

at the same time. When the electron flux and ion flux are equal, the probe current is zero

at a certain voltage Vf referred to as the floating potential. The floating potential also

corresponds to the potential that an insulated object will have inside the plasma. At a

certain voltage, electrons are neither attracted nor repelled by the voltage, and the sheath

does not exist. The probe current is then mainly due to the electron thermal motion. At

this point, the probe characteristic shows an inflexion point known as the plasma

potential, Vp. The potential is approximately the point where eIeI  where eI is the

electron current. If the voltage is superior to the plasma potential, the electron current

cannot increase any further and all the electrons are collected.

In the last region, the probe attracts the electrons and repels the ions. An electron

sheath is formed around the probe tip. The collected current is purely electronic and is

referred to as electron saturation current.

Experimental settings

An automated Langmuir probe supplied by Scientific System was installed on the

side of the PLAD process chamber (Fig. 83).



Chapter III Plasma diagnostics and surface characterization

L. Godet 122

200mm
Wafer

Pulse

Probe

300mm radial
scan

200mm
Wafer

Pulse

Probe

300mm radial
scan

Figure 83: Schematic diagram of a Langmuir probe installed on the PLAD process chamber

The probe is controlled by the SmartSoft software, which can directly extract the

plasma parameters from the probe characteristic. The software also controls the radial

position of the probe inside the discharge chamber. A radial distribution of the plasma

parameters from the center of the wafer to the edge of the cathode can be obtained using

this set-up. In order to perform the acquisition outside of the cathode sheath for all the

experimental conditions, the air-cooled Langmuir probe is installed at 3.5 cm above the

cathode. The cylindrical probe tip material used for all experiments is tungsten.

The probe tip can be automatically cleaned between each I(Vb) characteristic.

While studying BF3 discharges, a drift of Vp and Vf is observed when no automatic probe

cleaning is used. After ten acquisitions without cleaning, the whole curve is shifted

positively and no Vp can be measured. The probe was cleaned by heating the filament

two seconds between each I(Vb) acquisition. In order to maintain a good signal to noise

ratio, the current I for each Vb is averaged over 10 measurements and an averaged of five

I(Vb) characteristics is calculated.

Due to the pulsed nature of the plasma, its characteristics change over time during

its rise time and decay. Therefore, time-resolved measurements are necessary. In order to

perform a time resolved acquisition, the Langmuir probe is synchronized to the PLAD

pulse (see section III.1.3). A time resolution of up to1 s is achievable with the present

Langmuir probe.
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Figure 84: Pulse-on period (a) and afterglow (b) time resolved Langmuir probe for a 1kV 40mT 30s
BF3 implant,

Fig. 84 shows an example of the time development of the probe characteristic

measurements in a BF3 plasma during a 1kV, 40 mT, 30 s pulse-on at a pulse frequency

of 2500 Hz. The electron saturation current increases during the pulse-on period and then

slowly decreases during the afterglow period, showing the increase and decrease of

plasma density at ignition and extinguishing of the DC plasma.

Extraction of the plasma parameters

The plasma’s parameters are extracted directly from the I(Vb) characteristics

using the SmartProbe software [Scientific sys] with a cylindrical tip. An explanation of

the analysis method is presented below.

 The floating potential is the potential during which the current is measured as

equal to zero ampere.

 The plasma potential is the potential during which the second derivative of

the I(Vb) curve is equal to zero ( 0
22 bdVId )

Off
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 The electron temperature Te is calculated by dividing the integral of the

I(Vb) curve between fV and pV by the current measured at the plasma

potential I(Vp):

)(

)(

p

V

V
bb

e

VI

dVVI

e

kT
p

f


 {III.2.1}

A demonstration of this formula can be found in Appendix 3. The electron

temperature is often expressed in electron-volts rather than in joules.

 The electron density ne is calculated based on the current I(Vp), as measured

at the plasma potential using the following equation:

e

e

p

p

e
kT

m

eA

VI
n




2)(
{III.2.2}

where Ap is the probe physical collecting area. The assumption in the use of

these two lasts formulas is that the electron distribution function follows a

Maxwellian distribution.

 Another important plasma parameter is its Debye length. The plasma can be

considered as neutral inside a sphere of radius d . When the electron density

and electron temperature are known, the Debye length can be calculated using

the following formula:

e

e
d

ne

kT
2

0 

{III.2.10}

 When the electron density and temperature are known, the flux of ions

reaching a surface inside the plasma can be calculated. This flux is known as

the Bohm flux and can be calculated using the Bohm criteria:

i

e
ii

m

kT
n6.0

{III.2.11}

where ni is the ion density (m-3)and mi is the ion’s mass (kg).
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Electron energy distribution function

Another method can be used to calculate ne and Te based on the electron energy-

distribution function, when the distribution is non-Maxwellian. This method consists of

calculating the Electron Energy Distribution Function (EEDF). EEDF gives a measure

of the number density of electrons as a function of electron energy. For an arbitrary

distribution function, the EEDF )(eg can be calculated using the following formula

[Lieberman 2005]:
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where bp VV  , the
22

bdVId function can be calculated by differentiating I(Vb).

SmartSoft can also calculate the function directly.
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Figure 85: Experimental time-resolved EEPF for Argon plasma under two different plasma
conditions

(a): 1 kV 60 mTorr 30 s 12 cm 2500Hz, (b): 1 kV 70 mTorr 30 s 5 cm 2500Hz

The electron energy distribution function is a very important parameter of the

discharge as it allows for knowing the electron energy available to dissociate the gas and

to excite or ionize the different species present in the plasma. The Electron Energy

Probability Function (EEPF) )()( 2
1

 ep gg


 is sometimes introduced instead the

(a) (b)
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EEDF. In the case of the electron energy distribution is Maxwellian; the EEPF is a linear

curve when logarithmic representation is used. A typical EEPF measured using

SmartProbe for an argon plasma is shown in Fig. 85.

Two different linear slopes are observed on the EEPF in Fig. 85a, the EEPF is

clearly a non-Maxwellian distribution. The electron density ne, the average energy

 e and the effective electron temperature effT can then be determined (even in the

non-Maxwellian distribution) as:
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Fast electron

The fast electron analysis routine is based upon the Laframboise theory [Hopkins

1986] which calculates the values of the fast electron temperature fekT and density fen .

The current to the probe through the collection of the fast electrons  feI is calculated

for negative values of  as follows:

        fee IIII   {III.2.12}

where )(I is the measured current to the probe with   epb kTVV / , Ie is the thermal

bulk electron contribution and I+ is the ion contribution.

Thus,

  ),(
2

)exp(
2

)( 








d

pe
p

e

e
pefe

R
f

m

kT
Ren

m

kT
RenII



 {III.2.13}

where 0 .
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The initial calculation of  feI is restricted to the region 10 , as the bulk thermal

contribution is effectively zero in this case. The calculation of  feI is not sensitive to

the value of ekTe . The current to the probe due to the fast electrons is fitted by the least

square exponential regression to:
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 exp)( {III.2.14}

where ofeI is the fast electron thermal flux to the probe at pV and fekT is the fast electron

temperature. This method assumes a good calculation of ion saturation current to separate

I from feI . The fast electron techniques give at least qualitative information on of fast

electrons.
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III.3 Characterization method used

In order to characterize the implant profile and dopant concentration before and

after activation, Secondary Ion Mass Spectrometry (SIMS) is used to measure the dopant

concentration as a function of depth inside the silicon wafer. The sheet resistance of the

dopant film is measured after anneal using the four-point probe technique. These two

characterizations, SIMS and the four-probe technique, are presented below.

Secondary Ion Mass Spectrometry (SIMS)

Secondary Ion Mass Spectrometry (SIMS) allows for the measurement of dopant

or impurities depth profiles present in small quantities in a solid material, such as semi-

conductors. This method is very commonly used in microelectronics, but the technique is

facing some big challenges, such as the characterization of ultra-shallow junctions. A

control process for the SIMS technique and its protocols thus becomes very important for

an accurate measurement.

Figure 86: Primary ion interaction with the solid target and sputtering effects. The SIMS technique is
based on the analysis of the secondary ions ejected from the target through mass spectrometry

During a SIMS analysis (see Fig. 86), a primary ion beam with an energy of

around a 1000eV bombards the surface of a sample maintained under vacuum. Under the
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ion bombardment, a cascade of collisions is produced at the surface of the sample with

some particles, such as electrons, atoms, molecules or ions, ejected from the sample

surface. The secondary particles carry negative, positive and neutral charges and they

have kinetic energies that range from zero to several hundred electronvolts. The ions

ejected from the sample surface are then analyzed through mass spectrometry. Due to the

erosion of the surface by the ion bombardment, a depth analysis of the sample is possible

and a dopant concentration depth profile can be performed.

The ionization yield and the energy of the secondary ions is strongly dependant

on the primary ion used, its energy and incidence angle. In order to maximize the

ionization yield, reactive ions such as O2
+ and Cs+ are used. Throughout the analysis, the

reactive ions are implanted. The analysis first passes through a transition regime, where

the number of ions implanted in the target increase simultaneously with the target erosion.

A stable regime is then obtained when the reactive species flux is equal to the flux loss

through sputtering or desorption. Due to the dynamic changes during the transition period,

the signal measured cannot be analyzed. In this period, a target surface up to a few

nanometers cannot be analyzed properly. The interpretation of the results becomes

especially difficult for junction depths below 20 nanometers. In order to improve the

depth resolution and reduce the transition regime, the primary ion energy is reduced and

its incident angle with the target surface is increased.

For all experiment done here, N-type prime (100) Silicon wafers with 12

Angstroms of control oxide were implanted using PLAD under different plasma

parameters. The as-implanted boron profiles following a PLAD implantation are

analyzed using SIMS, with 700eV O2
+ at a 45o incidence angle with an O2 leak. As the

co-implanted fluorine plays an important role during the activation of the dopant [Ishida

1999], the as-implanted fluorine profiles are also collected using SIMS, with 500eV Cs+

at a 60o incidence angle and no O2 leak. The dose errors for all measurements are

expected to be below 20%. The absolute error in the junction depth, Xj, should be less

than 10%. This absolute error is mainly due to discrepancies among laboratories and the

techniques (e.g. NRA, RBS, etc.) they used to calibrate the SIMS equipments

[Buyuklimanli 2006]. The SIMS conditions mentioned above allow for an accurate
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measurement of the profile shape, but a less accurate measurement of the total dose. The

chemical junction depth throughout this manuscript is defined as the depth where the

total boron concentration, sum of electrically and non-electrically active species, falls

below a level of 3E18/cm3 in the SIMS profile. All the SIMS measurements presented

were performed by Evans East [Evans East].

Sheet-resistance measurement with four-point probe

The four-point probe technique is the most common method used to measure the

semiconductor resistivity [Van Zant 2004]. In this case, it is used to measure the sheet-

resistance of the doped layer of a silicon wafer after the activation of the implanted

dopant. Through this non-destructive method, the voltage V between two contact points

(point 2 and 3) is measured when a current I is applied to the two other contact points

(point 1 and 4) as shown in Fig. 87.

Figure 87: Four-Point probe schematic

Assuming that the studied sample is homogenous, infinite compared to the

measurement system and the gap between two contacts is larger than the studied thin film

thickness, the sheet-resistance of the thin doped layer can be deduced based on the

following formula:

I

V
Rs 

2ln


{III.3.1}

where Rs is the sheet-resistance of the thin doped layer listed in ohms per square (□).
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This technique is used to monitor the implant and anneal non-uniformity of the

entire wafer surface by measuring the local sheet-resistance of the thin layer in several

points. When the thickness of the dopant layer Xj (also called junction depth) is known,

the resistivity  can be deduced through the following equation:

js XR  {III.3.2}

The average active dopant concentration N of the doped layer can be expressed by

the following equation:




q

1
N {III.3.3}

As the carrier motility  is not constant with N, this formula is only valid as a first

approximation. For improved precision, the active dopant concentration for different

depth in the substrate need to be taking into account and the calculated sheet resistance

becomes an integral over the junction depth [Lallement 2005]:
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R {III.3.4}

The sheet resistance is calculated by integrating the atoms from the SIMS

chemical dopant profile below the solid solubility limit at the annealing temperature and

assuming that all the dopant atoms below this limit are electrically active.

At a given temperature, there is an upper limit to the amount of an impurity that

can be absorbed by silicon. This is called the solid-solubility limit. The boron solubility

(at/cm3) into the silicon follows an Arrhenius law [Armigliato 1977]:

)kT/Eexp(AS  {III.3.6}

where 221025.9A  at/cm2 and E = 0.73eV.
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Figure 88: Solid-solubility and electrically active impurity-concentration limits in silicon for antimony,
arsenic, boron and phosphorus [Jaeger 2002]

With this formula, the maximum boron concentration can be determined for each

annealing temperature and is indicated by solid line in Fig. 88 for boron, phosphorus,

antimony and arsenic. The electrically active impurity concentration, which is the

maximum of impurities electrically active after activation, is also presented in Fig.88. For

the anneal recipe used in all the manuscript (see I.2.2.4), the boron solid solubility limit

and electrically active boron-concentration limits is 201054.1  atoms per cubic centimeter.

The carrier mobility as a function of the depth and the active dopant density can

be expressed by the following formula [Masetti 1983]:
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)x( {III.3.5}

For boron dopant: min = 44.9 cm2/Vs
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max = 470.5 cm2/Vs

17
r 1023.2N  cm-3

 = 0.719

The activation efficiency (AE) is defined as the ratio of the calculated total sheet

resistance to the measured sheet resistance (by the four-point probe) in percent:

100
R

R
A

s

total
s

E  {III.3.7}

The error in this calculation is mostly determined by the uncertainty of the SIMS

measurement. The activation efficiency is a good relative measure which defines the

percentage of annealed dopants residing below the electrical solid solubility limit that are

electrical active. A greater value than 100% could result from inaccuracies in the SIMS

profile, a result of higher than assumed electrical solid solubility, or of additional

activation from non-conventional mechanisms. Activation efficiency is a more valid

indicator than the curve Rs(xj) plots in determining the extent of activation [Downey

2003].

In all our experiments, the sheet resistance was measured by a KLA-Tencor Rs-

100 four point probe using tips of type C with a circular 49 point pattern and 194mm test

diameter.
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Chapter IV Plasma doping of silicon with BF3

chemistry

Although, the electron and ion densities ( en and in ) can be several orders of

magnitude lower than the gas density, the charged particles play a central role in

sustaining the discharge as well as in the implantation process. The role of electrons and

ions in the discharge as well as their interactions with neutral particles of the plasma are

presented in this chapter. In particular, collision processes inside the sheath will be

reviewed and discussed in order to obtain a better understanding of the energy

distribution shape of the ions striking the wafer.
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IV.1 Electron Kinetics in BF3 plasma

The collisions of low-energy electrons with atoms and molecules can be direct or

indirect. The principal direct elastic and inelastic electron-scattering processes are

[Christophorou 2004]:

)()(  eABABe  Direct elastic electron scattering (1)

)'()(  eABABe   Direct inelastic electron scattering (2)

)'()(  eBAABe  Dissociation into neutrals (3)

)'()( *  eBAABe  Dissociative excitation (4)

eABABe 2)(   Molecular ionization (5)

eBAABe 2)(   Dissociative ionization (6)

eBAABe 2)( *  
Dissociative Ionization with fragment

excitation
(7)

)'()(  eBAABe   Ion-pair formation (8)

Table 5: Principal direct elastic and inelastic electron scattering processes

In the above reactions, )(e and )'(e represent the incident electron with energy

 and the scattered electron with energy ’ respectively. The notations AB, AB* and AB+

represent ground-state, excited and ionized molecules respectively. Similarly, the

notations A and B, B*, B+, A+, and B- represent ground-state fragments, excited

fragments, positive ion fragments and stable negative ion fragments respectively. In the

case of indirect electron-collision processes, the electrons can be captured by the

molecule AB to form transient (metastable) negative ions AB-*. The principal indirect

electron-collision processes are:

)()(  eABABABe   Indirect elastic electron scattering (9)

)'()(  eABABABe  
Indirect inelastic electron

scattering

(10

)

  BAABABe )( Dissociative electron attachment
(11

)
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 hABABABe  )( Parent negative ion formation
(12

)

Table 6: Principal indirect elastic and inelastic electron scattering processes

The probabilities of various processes in an electron-molecule collision are

described by the corresponding cross-section )( for each reaction. For a particle A of

energy , and for a certain type of reaction R, the mean free path between the interactions

of type R, AB , is defined as the average distance that a particle of type A will traverse

through a group of particle of type B before undergoing the reaction R and is given by:

BAB

AB
n


1

)(  {IV.1.5}

where AB is the cross section for the interaction and Bn is the density of particle of type

B.

BF3 cross sections

Fig. 89 shows the set of cross sections for some of the processes mentioned in the

previous paragraph that occur during BF3 plasma processing.
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Figure 89: BF3 cross section calculated by S. Biagi [Šašić 2005] for direct and indirect electron collision 
processes

The cross section for elastic scattering is seen to be large over a wide range of

electron energies. With the exception of elastic electron scattering, the cross-section for

each of the other processes has an energy threshold that depends on the physical process

itself. The thresholds for molecular dissociation and ionization are much higher than

those for direct vibrational excitation. The ionization process begins at 15.6 eV and the

peak ionization probability is reached for electron energy around 120 eV.

When the electron temperature is below 1 eV energy is primarily deposited into

vibrational excitations (see reaction 13) and partially into momentum transfer collisions.

e)31(BFBFe 33    (13)

The vibrationally excited BF3 likely provides extra enhancement to the electron

attachment processes, as observed in other electronegative afterglow plasmas [Midha

2001, Ramamurthi 2002, Ohtake 1996].



Chapter IV Plasma doping of silicon with BF3 chemistry

L. Godet 138

In contrast with the direct electron-collision processes for which the cross-

sections are substantial over a wide range of electron energies, electrons in the low-

energy region (usually around 20 eV) can be selectively captured by the molecule AB to

form metastable negative ions AB-* (see attachment cross section on Fig. 89). The

transient negative ions live for approximatively 1510 to s210 [Christophorou 1984].

They decay by auto-detachment, leaving the neutral molecule AB with or without excess

internal energy, or via the processes of dissociation electron attachments. They can also

form a stable parent negative ion AB-.

Fig. 89 gives BF3 ionization cross section but does not provide any information

on the relative abundance of the ions created by ionization. As the focus of this work is to

study positive ions, electron-impact ionization measurements for BF3(g) were performed

and are described below.

Electron-impact dissociation measurements

Employing the mass spectrometer described in chapter III, mass spectrometric

measurements without plasma, in RGA mode, were made of the different ions produced

during electron impact of BF3(g) at a constant pressure of 50 mTorr inside the PLAD

process chamber.

In order to obtain an accurate measurement of the appearance potential or

ionization threshold, the energy scale measured by the mass spectrometer needs to be

calibrated using a gas with a known appearance potential, such as argon. The measured

appearance potential of Ar+ for Argon was measured to be 15.8 eV, which corresponds

well to the first ionization potential of Argon into Ar+ (15.6 eV). The mass spectrometer

is then correctly energy-calibrated.

The ionization efficiencies of the ion species BF3
+, BF2

+, BF+, B+ and F+ as a

function of the electron impact energy, are presented in Fig. 90.
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Figure 90: Ions produced through electron impact fragmentation of BF3(g), as function of electron
energy

The measured appearance potential in BF3(g) corresponds to previous data

[Osberghaus 1950, Farber 1984] for BF3
+, BF2

+ and F+. No measurements of B+ were

reported in earlier work. This is a list of the reactions that occur by electron impact

dissociation:

Reaction AP (eV)

  eBFgBFe 2)( 3
)1(

3 15.6

  egFBFgBFe 2)()( 2
)2(

3 15.9

  egFBFgBFe 2)(2)( )3(
3 15.2

  egFBgBFe 2)(3)( )4(
3 32.4

  egFFgBFgBFe 2)()()( )5(
3

or


 e2F)g(BF2

29.8

Table 7: Products of electron impact in BF3 (g)

The BF3
+ appearance potential is found to be 15.6 eV, which corresponds to the

values obtained from photo-ionization studies by Diebler and Batten [Diebler 1968,
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Batten 1978], who reported values of 15.55 and 15.74 eV. The BF2
+ appearance potential

from the electron impact dissociation of BF3 occurs at an electron energy only 0.3 eV

higher than that required for BF3 ionization. It corresponds well to the Diebler

experiments, which reported values of 15.81 eV for the BF2
+ appearance potential. The

appearance potential of the reaction number 5 (29.8 eV) from Table 7 corresponds to the

work of Farber and Marriott [Farber 1984, Marriott 1957], who reported values of 29.65

and 31.5 ± 2eV respectively. But the measurement of the appearance potential for BF+ is

different than the one reported by Marriott and Osberghaus, who reported values of 27.2

± 1eV and 25.2 ± 1eV. Our measurement of BF+ presents two different slopes in the low-

energy part. The first slope may be due to the thermal dissociation of BF3(g) into BF(g),

due to the presence of the hot filament (1100oC) or the ionization of the fragments of BF3

produced during the electron impact measurement. If the first slope is ignored, a value of

27.5eV can be obtained for the BF+ appearance potential, which is closer to other

literature values.

At 18 eV, the relative abundance for BF2
+ and BF3

+ are nearly equal. At higher

dissociation energies, BF2
+ rapidly becomes the more abundant ion. B+, BF+ and F+ only

represent a minor fraction (2 orders of magnitude lower) of the ions created by electron

impact in BF3(g). In conclusion, a large concentration of BF2
+ and small concentrations

of B+, BF+ and F+ created by electron impacts are expected in the BF3 plasma.

Time evolution of the electron temperature and density in the

pulsed discharge

In this section the time evolution of the electron temperature and density in the

diode configuration (cathode negatively biased and anode grounded) and in the triode

configuration (cathode and hollow cathode negatively biased and anode grounded) are

presented. Fig. 91a shows the evolution of cold and fast electron densities during an

entire period of a 1 kV 40 mTorr, 30s, 2500Hz BF3 pulsed glow discharge. Fig. 91c

shows the evolution of the cold and fast electron density during a BF3 glow discharge in a
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- 300 V, 30 mTorr, 30s, 2500Hz plasma, with the hollow cathode biased at - 1500V and

synchronized to the cathode bias voltage.

Due to the displacement current (see II.2.2.4.e), Langmuir probe data was not

analyzed during the first five microseconds of the pulse-on period. During the pulse-on

period in the diode configuration, the electron density increases from 0 to

9105.2  electrons per cubic centimeter, while the fast electron density increases from 0 to

7105.1  electrons per cubic centimeter. During the pulse-on period in the triode

configuration, the electron density increases from 0 to 9108.5  electrons per cubic

centimetre and stabilizes after 24s. As expected, the plasma density is higher when the

hollow cathode is used. The fast electron fraction is constant during the whole pulse-on

period at around 7102.2  electrons per cubic centimetre. In both cases, the fast electrons

constitute less than 1 % of the total electron population during the pulse – on period. The

existence of the fast electrons is mainly due to the secondary electrons emitted from the

cathode, which are accelerated away from the cathode through the high-voltage sheath.

They are thus mainly present during the pulse-on period.
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Figure 91: (a) Electron and fast electron density evolution (ne and nfe) and (b) electron and fast electron
temperatures (Te and Tfe) during an entire period of a BF3 1 kV 40 mTorr, 30s, 2500 Hz glow discharge

plasma,
(c) Electron density evolution (ne and nfe) and (d) electron temperature (Te and Tfe) during an entire

period of a 300V 30 mTorr, 30s, 2500 Hz BF3 glow discharge plasma with the hollow cathode at 1500V

As two different types of electrons were detected (low-energy electrons and fast

electrons), an electron temperature for the two electron populations was calculated. Fig.

91b and 91d show time evolution of the temperatures for the cold and fast electrons for

the same BF3 glow discharge. The temperature of the low-energy electrons is below 1 eV

± 0.5 eV during the pulse-on period, and their density decays slowly during the afterglow.

The average energy of these electrons is thus below the ionization threshold, and they do

not participate efficiently to the ionization inside the bulk plasma.

(a) (b)

(c) (d)
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In contrast, the fast electron temperature is around 15 to 20 eV in the diode

configuration and around 12 eV in the triode configuration. The fast electrons are likely

to ionize efficiently neutral particles inside the bulk. Based on the result of the electron

impact experiments, the fast electrons will mainly, they will mainly create BF2
+ and only

a minor fraction of B+, BF+ and BF3
+. When the high-voltage sheath disappears at the end

of the pulse, the electrons do not have enough energy to ionize neutrals efficiently. The

electron density decays slowly during the afterglow. At 200 s after the end of the pulse,

the electron density is under the detectable limit of the Langmuir probe technique and

thus can not be detected.

Electron energy distribution function measurements

The Electron Energy Distribution Function was calculated (see Appendix 4)

during the pulse-on and pulse-off periods under the plasma conditions that have been

described in this section (see Fig. 92 and 93). Two different populations of electrons can

be observed on the EEDF during the pulse-on period, with different electron temperatures.

The detection limit of the EEDF measurement is around 233710   eVcm and is

relatively low due to the noise created by the numerical calculation (First and the second

derivative of I(Vb)).
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Figure 92: Calculated EEDF time evolution extracted from the I-V curves during the pulse-on period of
a 1 kV, 40 mTorr, 30s, 2500Hz, 5sccm PLAD implantation

The hot electron tail visible during the plasma-on period of a 1 kV 40 mTorr

implantation comes from the electrons emitted from the cathode and accelerated across
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the sheath. These electrons are strongly decelerated by collisions inside the negative glow.

As soon as the cathode voltage is turned off, the hot electron tail disappears (see Fig. 93).
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Figure 93: EEDF time evolution extracted from the I-V curves during the pulse-off period of a 1 kV, 40
mTorr, 30s, 2500Hz, 5sccm PLAD implantation

The EEDF method gives similar results as the fast electron measurements

described in section (III.2.3.2).

Time evolution of the radial distribution of the plasma density

The temporal development of the radial electron density distribution was obtained

under the same BF3 glow discharge as before using the Langmuir probe measurement at

different radial positions inside the process chamber (see Fig 94).
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Figure 94: Time evolution during the pulse-on period of the electron density radial distribution
measured by the Langmuir probe during a 1 kV 40 mTorr 30s BF3 glow discharge
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At the beginning of the pulse, the electron density is uniform. The electron

density slowly increases with time during the pulse-on period. During the whole pulse,

the electron density is uniform in the area near the wafer and strongly decreases at the

edge of the cathode (radial distance equal to 200 mm). A small drop in the electron

density is observed at about 120 mm from the centre of the wafer, which is where the

annular Faraday cup is positioned. As discussed previously, the Faraday cup suppresses

the secondary electrons emitted by the ions inside the cup. These electrons cannot

participate in the ionization, and the electron density is locally reduced near the Faraday

cup. This is a confirmation of the role of secondary electron emitted from the cathode.

Concluding remarks

In this section, the different elastic and inelastic collisions for the BF3 electron

cross-section processes were briefly reviewed. Electron-impact dissociation

measurements for BF3 have shown that BF2
+ is the dominant ion created by this reaction

channel. Its relative abundance intensity is two decades higher than that for B+, F+, BF+

and BF3
+.

The time evolution of the electron temperature and plasma density was also

presented. Two different electron populations were measured: the low-energy electrons

that make up the majority of the electrons and the fast electrons that represent less than

1 % of the electrons and are present only during the pulse-on period. The electron density

increases during the pulse-on and decreases slowly during the afterglow period. As

expected, higher electron density is measured when the hollow cathode is used. The

radial electron density shows a uniform electron density over the whole cathode, for the

plasma conditions detailed here.
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IV.2 Ion behavior

In the first part of this chapter, the electron behavior in the bulk plasma was

detailed, along with the bulk plasma uniformity during pulsed-plasma processes. In this

section, the time evolution of the ion density in the pulsed discharge and the sheath

dynamics (collisional, collision-less sheath) will be discussed, so as to better understand

the shape of the ion energy distributions for the different ions collected at the cathode

surface by the mass spectrometer.

Time evolution of the ion density in the pulsed discharge

Fig 95a shows the evolution of the plasma potential pV and floating potential fV

measured by the Langmuir probe during the whole period of a 1 kV 40 mTorr, 30s,

2500 Hz, BF3 glow discharge. After the pulse ignition, pV and fV quickly reach a

constant value, which is maintained during the pulse-on period. pV is measured around 8

eV. The maximum energy of an ion accelerated across the high-voltage sheath will thus

be equal to 1008 eV. When the pulse is terminated, pV and fV increase due to the

overshoot of the power supply but the difference fp VV  strongly decreases due to the

decrease of the average electron energy.
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The evolution of the ion density is shown as measured by Langmuir probe in Fig

95.b. The peaks obtained at the beginning and at the end of the pulse are artefacts due to

the displacement current created by the rise and fall portions of the pulse (see Chapter II).

The time-resolved mass spectrometer data under the same conditions (see Fig 79) shows

that the ion density increases during the rise part of the pulse and stabilizes after 10 s or

15s. This confirms that the ion density peak measured at the beginning of the pulse is

not real and is due to the displacement current. A similar observation can be made at the

end of the high-voltage pulse.

After 15 s, the ion density is stabilized as also indicated by the mass

spectrometer data. The ion density decays slowly during the afterglow period, but the

decay is much slower than for the electrons. When the new pulse restarts, the ion density

is still at 38 /105 cmions while the majority of the electrons is gone. The positive ion

and electron densities are almost in equilibrium when the pulse ends. At the middle of the

pulse, the ion density is higher than the electron density. Since an electro-negative gas

(BF3) is used, the presence of negative ions needs to be taken into account. When the

pulse ends, the electrons quickly thermalize and thus enhance the negative ion creation by

dissociative electron attachment. The plasma slowly becomes an ion-ion plasma

composed of positive and negative ions.

The temporal development of the radial plasma potential distribution was

measured under the same BF3 glow discharge as before, using Langmuir probe

measurements at different radial positions inside the process chamber, as shown in Fig

96a. As can be seen, the plasma potential is quickly stabilized after the beginning of the

pulse. The plasma potential fluctuations measured above the wafer plane were not more

than 1 eV. However, the plasma potential drops at the edge of the cathode.

The temporal development of the radial ion density distribution was also extracted

from the I(Vb) curve measured by Langmuir probe at different radial positions inside the

process chamber, and is shown in Fig 96b.
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Figure 96: (a) Time evolution during the pulse-on period of the plasma potential radial distribution as
measured by the Langmuir probe during a 1 kV 40 mTorr 30s BF3 glow discharge (b)

Time evolution during the pulse-on period of the ion density radial distribution as measured by the
Langmuir probe during a 1 kV 40 mTorr 30s BF3 glow discharge

As discussed previously, the ion density stabilizes after 15 s and does not change

up to the end of the pulse. In essence, these time evolution measurements confirm stable

conditions throughout the implant. In contrast, the low energy population of electron

increases and reaches a steady state only after 40s. This observation may be explained

by the presence of negative ions at the beginning of the pulse. The fraction of negative

ions is then slowly decreasing during the pulse on- period.

(a)

(b)
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The ion density is uniform across the wafer but some uniformity distortions can

be observed at the edge of the wafer. The ion density decreases quickly on the 5 cm edge

of the cathode. Higher in can be detected between the edge of the wafer and the Faraday

cup. This phenomenon will be explained and discussed in detail in section {V.1.2}.

Description of the high-voltage sheath

When a sudden negative voltage is applied to the target, electrons near the surface

are initially driven away from the cathode during the time scale of the inverse electron

plasma frequency 1
pe , leaving behind a uniform ion density known as the ion “matrix”

sheath [Lieberman 1989]. On the time scale of the inverse ion plasma frequency 1
pi , ions

present inside the sheath are accelerated toward the target. This, in turn, drives the

sheath-plasma edge farther away, exposing to the electric field new ions that are extracted.

On a longer time scale, the system evolves toward a steady state Child law [Child 1911]

sheath. The electron and ion plasma frequencies are defined by the following equations:
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 {IV.2.1} and {IV.2.2}

where ne is the electron density, me is the electron mass, 0 is the permittivity of free

space, ni is the ion density and Mi is the ion mass.

A good understanding of sheath dynamics is necessary to understand the shape of

the energy distributions for the different ion species reaching the cathode. In this section,

we will briefly discuss the dynamic models for Plasma Immersion Ion Implantation

sheath formation in the collision-less and collisional regimes. These models were

developed by Lieberman and coworkers [Lieberman 1989, Stewart 1991, Vahedi 1991,

and Lieberman 2005]. In the case of PIII, the plasma steady state is created by an RF

source (constant plasma density), and each negative pulse applied on the wafer

accelerates the ions from the bulk plasma up to the wafer target. In our case, as the

plasma is ignited periodically by the negative pulse applied to the cathode, the plasma

density does not remain constant during the whole period. The Lieberman’s model is
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slightly modified here, so as to take into account the evolution of the plasma density

during the pulse.

Matrix sheath

As explained in the previous paragraph, when a sudden negative voltage is

applied on the cathode, on a very short time scale, a matrix sheath is formed. The voltage

drop inside the sheath is large compared to the bulk plasma electron temperature. As the

potential in the sheath is highly negative with respect to the plasma, it is assumed that

only ions are present inside the sheath of thickness (s) with a uniform ion density (ni = ns).

The matrix sheath thickness can be estimated with the following formula [Anders 2000]:

2
1

s

c0

en

V2
s 







 
 {IV.2.3}

where ns is the ion density inside the sheath. Lieberman estimated that the time (t)

required to implant all the ions of the matrix sheath was proportional to the inverse of the

ion plasma frequency [Lieberman 1989]:

pi

7.2
t


 {IV.2.4}

The electron and ion plasma frequency as well as the time necessary to implant all

the ions from the matrix sheath for different plasma density is presented in Table 8.

Table 8: Electron and ion plasma frequency, matrix sheath time length after the beginning of the pulse
as a function of the plasma density

In the case of the plasma doping system, the ion density is not constant during the

entire pulse period. Typical ion density before the beginning of the negative pulse is

between 8102 and 8105 ions/cm3. All the ions of the matrix sheath are implanted in

less than 1 s, therefore matrix sheath will not be considered in the following work.
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Collision-less sheath

Following the matrix sheath, ions are accelerated toward the cathode. This drives

the sheath-plasma edge further away. In case of collision-less motion of ions inside the

sheath, calculation of the time taken to reach the stable Child law sheath can be

performed. This is the aim of this paragraph.

In case of collision less sheath, the potential inside the sheath follows a x4/3

dependence [Lieberman 2005]:

1
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where jc is the current density, 0 is the free-space permittivity, e and M are the ion

charge and mass and x = 0 at sheath edge.

The Child law current density cj for a voltage cV across a sheath thickness (s) is

defined by the following equation [Child 1911]:
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  {IV.2.5}

Assuming that there are two sources of ions in the sheath (ions streaming into the

sheath at the Bohm velocity and ions uncovered by the expanding sheath) and equating

cj to the charge per unit time crossing the sheath boundary [Lieberman 1989]:

cB ju
dt

ds
en 








0 {IV.2.6}

Assuming that there is a constant plasma density, the motion of the pulsed plasma

sheath (s) in a collision-less PIII was modeled by Lieberman using the following

equation:
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where e is the ion charge, 0n is the plasma density in the bulk, s is the sheath thickness,

Bu is the Bohm speed, 0 is the permittivity of free space, M is the ion mass and V is the

applied voltage.

In our case, the bulk plasma density is not constant during the entire pulse, the

equation which takes into account the plasma density variations (n(t)) should be used

[Radovanov 2005]:
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  {IV.2.8}

The time scale ( ct ) for establishing the steady-state Child law sheath is then

[Anders 2000]:
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The time necessary to establish the steady-state Child law sheath for different

plasma density and cathode voltage is calculated in Table 9. As can be seen, the time

needed to reach the steady-state sheath is dependant of the plasma density and cathode

voltage. The steady state is reached faster at higher plasma densities and lower cathode

voltages. In most of the cases studied here, a quasi steady state sheath is reached during

the first 10 s of the high-voltage sheath.

Table 9: Time necessary to establish the steady-state Child law sheath for different plasma density and
cathode voltage

An example of a calculated sheath thickness as a function of time is presented in

Fig. 97 for a 1kV 40 mTorr BF3 glow discharge.
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Figure 97: Sheath thickness calculated using {IV.2.8} for a 1kV 40mTorr 30s BF3 glow discharge the
plasma parameters, such as n(t), were measured by a Langmuir probe

The cathode voltage and temporal evolution of the plasma parameters measured

by the Langmuir probe were used as an input for the calculation, assuming a collision-

less sheath. With an increasing dc bias voltage, the sheath expands. As the dc bias voltage

and the bulk plasma density reach a steady state, the sheath thickness tends to a constant

value.

Collisional sheath

This section describes the equations governing the collisional sheath. Assuming

that the ion motion is highly collisional, the Child law can be written as follows [Vahedi

1990, Lieberman 2005, Budtz-Jorgensen01]:
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 {IV.2.10}

where o is the permittivity of free space, e is the charge of an ion of mass M, 0V is the

cathode voltage, i is the ion mean free path and ji is the ion current density. The sheath

potential )(x at a distance x inside the sheath can be expressed by the following

equation (x = 0 at sheath edge):



Chapter IV Plasma doping of silicon with BF3 chemistry

L. Godet 154

3
5

23
2

0

3
1

22

3

5

3
)( x

e

jM
x

i

i 








 
















 {IV.2.11}

The number of collisions (s/ inside a sheath is calculated based on {IV.2.10}

using the following formula:
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where  is the ion neutral cross-section, k is Boltzmann’s constant, gT is the gas

temperature and p is the neutral gas pressure.

Ion processes inside a collisional sheath

Fig. 98 is a representation of the two types of sheaths: a collision-less and

collisional sheath

Figure 98: Representation of the different particle interaction in a collision-less sheath or collisional
sheath, as well as the secondary electron emission from the cathode
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It also shows the secondary electron emission processes and the interactions of

these electrons with the gas phase. The present section gives a brief summary of the main

collision processes inside a collisional sheath (see Fig. 98). Elastic (polarization)

scattering, charge transfer, molecular ion dissociation and ionization are the main

collision processes occurring inside a collisional sheath and are described in the

following.

Elastic scattering

An elastic collisions can be represent by the following reaction

XABXAB  

where X can be an electron, an neutral or an ion. An estimation of elastic scattering cross

sections can be made using the hard sphere model. The radius of the molecule BF3 is

0.129 [HCP 1981] while the one of BF2 radical is 0.125 [Lenoble 2000], giving cross

sections for elastic scattering equal to respectively 2.1×10-19 m2 and 1.96×10-19 m2.

Charge transfer

Two different kinds of charge exchange collisions can be distinguished, the

symmetric charge transfer between a positive ion AB+ and its parent molecule AB

(reaction a) or an asymmetric charge transfer between a positive ion AB+ with another

molecule AC (reaction b).

)()()()( slowfast
a

slowfast ABABABAB  

)()()()( slowfast
b

slowfast ABACABAC  

The charge exchange process creates a fast neutral particle that reaches the

cathode with an energy lower than the sheath voltage and is implanted into the target. It

also creates a slow ion that is accelerated by the high voltage sheath, but will not reach

the full energy.
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Ion dissociation

As indicated by Stoffels and al [Stoffels 2001], because of the high ion energy

inside the sheath, in addition to well known elastic scattering and charge exchange

collisions, many other ion processes can occur. These mechanisms are less studied and

less known. During the acceleration inside the sheath, fast positive molecular ions (AB+)

can collide with the background gas (C). The molecular ion dissociates and can create

lighter positive ions (A+, B+) and can be described by the following reaction:

Reaction

Simple dissociation CBACAB  

CBA 

Ionizing dissociation   eCBACAB

Electron capture and dissociation   CBACAB

Simple electron capture (charge

exchange)

  CABCAB

Background gas ionization   eCABCAB

Table 10: Products of dissociation of fast molecular ion (AB+) by collision with the background gas (C)
inside the high-voltage sheath [Suzuki 1986]

These different reactions were reported by Suzuki and coworkers as the main

dissociation reaction processes that can occur during the dissociation of fast (> 4 keV)

molecular ions (AB+: CO+ and CF+) and different background gases (C: He, Ne and Ar)

[Suzuki 1986]. Each collision process present different cross sections but from a general

point of view, simple dissociation was found to be the main mechanism. In our case AB+

can be assimilated to BF+, BF2
+, BF3

+ or other heavier ions such as BxFy
+. However no

cross section measurements are available for boron containing ions in BF3(g).

Ionization inside the sheath by secondary electrons
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The secondary electrons emitted from the cathode and accelerated by the cathode

high voltage can gain enough energy to ionize neutral particles during their travel through

the sheath. The same reaction channels than the one for electron impact describe in

section (IV.1.2) are still valid in the high-voltage sheath.

a) Discussion on ion angular dispersion in a collisional sheath

Vahedi and coworkers [Vahedi 1992] have developed an analytical model for the

angular distribution of the ion flux at the cathode in a collisional sheath due to ion-neutral

scattering collisions, when charge exchange is the dominant collision mechanism. The

shape of the angular distribution function was found to be insensitive to variations in

pressure and correspond to particle-in-cell simulations. They showed that the average

angle for all ions was less than 3o during discharge conditions close to the ones used here

(pressure of 50 to 100 mTorr, cathode voltage 500 V), when the ratio of charge transfer

cross-section to the elastic scattering cross section was equal to 6. The average angle for

all ions is proportional to this ratio. The average angle was further reduced when the ratio

was increased. Average angle distribution remains below 1o degree when an ion-neutral

charge exchange is the dominant reaction channel inside the sheath.

Davis and Vanderslice model

Davis and Vanderslice were among the firsts to accurately measure and model the

ion energy distribution for a cathode sheath during a d.c. glow discharge in 1963 [Davis

1963].

A slightly modified version of their model is described below. The model

illustrated in Fig. 99 assumes that:

 No ionization occurs inside the sheath (all the ions reaching the cathode

comes from the bulk plasma).
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 Charge exchange is the only ion-neutral collision mechanism taking place (the

momentum transfer is ignored).

 The charge exchange cross-section is energy-independent.

 The sheath potential is governed by the Child law [Lieberman 1989]. As the

measured of the ion energy distributions are typically made 20 s after the

beginning of the pulse when the Child law is valid (see section IV.2.2.2, Tab.

9):

ppc V
s

x
VVx 










3
5

1)()( {IV.2.13}

In their original paper, Davis and Vanderslice assume there is a linear electric

field, but according to equation {IV.2.11} the potential in the sheath should have a 3
5

x

dependence.

Figure 99: Modified Davis and Vanderslice model for the ion energy distribution measured at the
cathode

The only way for an ion to strike the cathode with an energy eVx is to undergo a

charge transfer collision at a point x and then travel all the way to the cathode without

further collision. Making the mean free path for a charge exchange as i and assuming

that 0 , the ion flux at the sheath edge, remains constant all the way to the cathode, the
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number of collisions per surface and time units that occur in the region dx is  i0 /dx  .

The probability for any of these ions to reach the cathode without further charge

exchange is given by ixe  . The number of ions per surface and time units detected at

energy eVx is then given by:

dxed i
x

i

0 
















 {IV.2.14}

Using equation {IV.2.6} and setting xVx  )( , the following equation is obtained:
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By substituting {IV.2.15} and {IV.2.16} into {IV.2.14} the modified Davis and

Vanderslice equation {IV. 2.17} is obtained giving a theoretical expression for IEDs:
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The fraction of ions that cross the entire sheath without any collisions, ise  is not

included in the equation {IV.2.17}. The controlling parameter of the equation is is / ,

which is the mean number of collisions that an ion undergoes on its way through the

sheath. An example of calculated ion energy distributions for different numbers of

collisions inside the sheath (
i

s


from 1 to 100 collisions) is presented in Fig. 100.
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Figure 100: Theoretical cathode ion energy distributions for different numbers of collisions inside the
sheath (from 1 to 100). All the curves have been normalized at E = 0 eV.

In order to validate their model, Davis and Vanderslice have performed ion

energy distribution measurements of Ar+ and Ne+ in argon and neon plasmas using mass

spectrometry. Charge exchange was expected to be the dominant ion-neutral collision

process, since symmetric charge exchange (Ar+ with Ar and Ne+ with Ne) under these

conditions is known to be very efficient. Fig. 101 shows a comparison of experimental

Ne
+ and Ar

+ ion energy distributions with their theoretical curves calculated with the

Davis and Vanderslice model using is / as the fitting parameter. The IED curves for

these two ions follow an exponential decay and match the Davis and Vanderslice theory

well.

Figure 101: Energy distribution for Ne+ in Neon discharge (660 V 470 mTorr) and for Ar+ in Argon
discharge (600 V 60 mTorr). The circles are the experimental data and the full lines are the theoretical

curve fitted to the experimental points [Davis 1963]

(a) (b)
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It should be noted that the high energy ion fraction decreases rapidly when the

number of collisions inside the sheath increases (see Fig 100).

From the IED, the mean ion energy can be calculated for different numbers of

collisions using the following formula:









dEEf

dEEfE
E

)(

)(
{IV.2.18}

As expected, the mean ion energy is reduced when the number of collisions inside

the sheath increases (see Fig. 102). It should be noted that only three collisions are

enough to decrease <E> to 2maxE .

Figure 102: Calculated mean energy as a function of the number of collisions based on the Davis and
Vanderslice model

This modified Davis and Vanderslice model will be used to fit the experimental

IED measured in the BF3 plasma, as discussed in the next section.

Ion energy distribution in BF3 plasma

The main goal of this section is to understand the shape of ion energy distribution

of the different ions reaching the cathode in BF3 plasma. In this aim, an overview of

different boron containing ions in the bulk plasma and in the high-voltage sheath will first

be presented. The ion energy distributions (IED) of the boron containing ions reaching
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the cathode will then be presented under various plasma and discharge conditions. The

shape of the IED are then analyzed and discussed.

Overview

b) Boron containing ions in the bulk plasma

Fig. 103 shows the relative abundances of the major ionic species B+, BF+, BF2
+,

BF3
+, B2F3

+and B2F5
+ in the BF3 plasma. These ions are measured during the pulse-on

period and under various operating discharge conditions (different pressures, frequencies

and cathode voltages) and various modes of operation of the discharge (with or without

hollow cathode, pulsed anode mode (see section {V.3.3.2}) with the mass spectrometer

installed inside the anode

Under all the different operating conditions, BF2
+ is the dominant ion of the bulk

plasma ion population, followed by the heavier molecular ions such as B2F3
+ and B2F5

+.

The bulk plasma relative abundance of B+, BF+ and BF3
+ always remains below 3 %.

Figure 103: Bulk plasma boron ions fractions normalized to the total flux of boron containing ions in
BF3 plasma for different cathode voltage biases, pressures and frequencies measured by the mass
spectrometer during the pulse-on period installed on the anode in a reversed bias configuration



Chapter IV Plasma doping of silicon with BF3 chemistry

L. Godet 163

These data are in good agreement with the electron-impact dissociation

measurements in BF3(g) and with mass spectrometric measurements made in BF3 bulk

RF plasma by Kaeppelin [Kaeppelin 2002] who found that BF2
+ was the main ion. The

heavier ions detected in the bulk plasma are probably created by three body

recombination with neutral particles.

c) Boron containing ions in the plasma sheath

Fig. 104 shows the relative abundances of the major ionic species B+, BF+, BF2
+,

BF3
+, B2F3

+and B2F5
+ in BF3 plasma. These ions are measured during the pulse–on period

with the mass spectrometer installed inside the high-voltage cathode under the same

discharge conditions as those discussed previously.

Under all the different operating conditions, BF2
+ is the dominant ion striking the

cathode followed by B+ and BF+. B+ and BF+ fractions represent up to 25% of the total

flux of boron ions. Under all the conditions, the BF3
+, B2F3

+and B2F5
+ ion fractions

represent only a minor fraction of the total flux of boron ions (less than 3% of the total

ion flux).

Figure 104: Boron ions and molecular ions fraction normalized to the total flux of boron ions of the
ions reaching the cathode, as measured during the pulse-on period in BF3 plasma for different cathode

voltage biases, pressures and frequencies by the mass spectrometer installed on the cathode
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Compared to the bulk plasma ion species, the relative abundance of B+ and BF+ is

in general strongly increased from a few percent up to 25 %, and B2F3
+and B2F5

+ are

largely reduced. Even if, the BF2
+ ion remains the dominant ion, its fraction is

significantly reduced after acceleration inside the sheath. The ion population is thus

changed significantly after crossing the plasma sheath. This observation indicates that

bulk plasma diagnostics is not sufficient to predict the ion population that reaches the

cathode and implants onto the wafer. It should be noted that in the case of the hollow

cathode and pulsed anode modes, the B+ and BF+ fractions do not increase as much as in

the other cases. A general presentation of the IED will now be given for the cases of

collision-less and collisional sheaths.

d) Ion energy distribution in collision-less sheath and transition to

collisional sheath

In this section, ion energy distributions in BF3 plasma are presented under various

discharge operation in the case of the triode configuration (anode grounded, cathode and

hollow cathode pulsed synchronously), where the sheath is expected to be collision-less.

As discussed previously, when a hollow cathode is used, higher plasma density than in

the diode configuration is achievable and the collision-less sheath condition can be

reached. Fig. 105, 106 and 107 show B+, BF+, BF2
+, BF3

+, B2F3
+ and B2F5

+ IEDs

normalized to the total flux of boron ions for various cathode biases (50, 100, 300, 500,

750 and 1000V). The discharge is created and maintained by hollow cathode at a constant

negative bias (1500 V) in a 30mTorr BF3 plasma.



Chapter IV Plasma doping of silicon with BF3 chemistry

L. Godet 165

0 250 500
0

5

10

0 250 500 750
0

2

4

6

0 250 500 750 1000
0

1

2

3

0 10 20 30 40 50
0

5

10

0 25 50 75 100
0

5

10

100V

0 100 200 300
0

5

10

300V

500V

Energy (eV)

750V

Energy (eV)

1000V

Energy (eV)

(a
rb

.u
.)

Energy (eV)Energy (eV)Energy (eV)

(a
rb

.u
.) 50V

B
+

IED

0 250 500
0

5

10

0 250 500 750
0

2

4

6

0 250 500 750 1000
0

1

2

3

0 10 20 30 40 50
0

5

10

15

0 25 50 75 100
0

5

10

15

100V

0 100 200 300
0

5

10

300V

500V

Energy (eV)

750V

Energy (eV)

1000V

Energy (eV)

(a
rb

.u
.)

Energy (eV)Energy (eV)Energy (eV)

(a
rb

.u
.) 50V

BF
+

IED

Figure 105: B+ and BF+ IEDs normalized to the total ion flux for different cathode voltages (50, 100,
300, 500, 750 and 1000 V), for a 30 mTorr, 5sccm, 2500 Hz BF3 glow discharge created using the hollow

cathode at 1500V
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Figure 106: BF2
+ and BF3

+ IED normalized to the total ion flux for different cathode voltages (50, 100,
300, 500, 750 and 1000 V), for a 30 mTorr, 5sccm, 2500 Hz BF3 glow discharge created using the hollow

cathode at 1500V
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Figure 107: B2F3
+ and B2F5

+ IEDs normalized to the total ion flux for different cathode voltages (50,
100, 300, 500, 750 and 1000 V), for a 30 mTorr, 5sccm, 2500 Hz BF3 glow discharge created using the

hollow cathode at 1500V
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For low cathode voltages (below 300V), all ions are mainly detected at the full

energy showing that none or few collisions occur inside the sheath. When the cathode

voltage is increased with a constant HC voltage, B+, BF+, BF2
+ and BF3

+ ion energy

distributions are spread toward lower energy showing that more collisions occur inside

the sheath. Therefore, this operational mode (triode configuration) allows for the

observation of the transition between collision-less and collisional sheath. It should also

be noted that B2F3
+ and B2F5

+ ion energy distributions are different. In this case, only ions

with full acceleration are observed.

The B+ IED follows the same trend as BF2
+ IED and presents a two-peak

distribution above 300 V. In the case of BF+, a two-peak distribution can be observed,

even at a cathode bias of 50 V or 100 V. For a cathode bias higher than 300V, a tri-peak

distribution can be observed on the BF+ IED.

Fig. 108 shows the fraction of the different boron containing ions at different

cathode voltage under the same discharge conditions than previously discussed. BF2
+

remains the dominant ion under all the conditions.

Figure 108: Boron ion fluxes normalized to the total boron ion flux measured for different cathode
biases (50, 100, 300, 500, 750 and 1000V) during the pulse-on period of a 30 mTorr BF3 glow discharge

in the high-voltage sheath, with a constant hollow cathode bias at -1500V

For higher cathode biases, when the ion energy distributions are spread toward

lower energy by the increase of collisions inside the sheath, the fraction of B+ and BF+

significantly increases up to 20 % of the total flux of boron ions. It seems to indicate that

B+ and BF+ are mainly created inside the sheath and their fractions are correlated to the
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number of collision inside the sheath. It should be noted that the fraction of BF2
+ ions is

also reduced.

Concerning B2F3
+ and B2F5

+, the complete absence of signal at low energy, shows

that as soon as a kinetically excited heavy ions collide, they get destroyed. Furthermore,

their percentage after crossing the sheath is always lower than in the bulk, showing that

they never reach a non collisional regime, even for low cathode bias.

In order to have a better overview, another plasma condition with different anode-

to-cathode spacings and with constant cathode and hollow cathode voltages is also briefly

introduced here and will be discussed in detailed in section V.3.3.1.a. By changing the

anode to cathode spacing, the effective hollow cathode surface area can be changed to

control the plasma density (see section II.2.2.2.a). Lower anode-to-cathode spacing leads

to lower plasma density and thus higher number of collisions inside the sheath.

The B+, BF+, BF2
+ and BF3

+ ion energy distributions for a 500 V, 30 mTorr BF3

plasma with five different anode-to-cathode spacings are presented in Fig. 109.
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Figure 109: B+, BF+, BF2
+ and BF3

+ IED normalized to the total ion flux for anode-to-cathode spacing
for a 500 V, 30 mTorr, 5sccm, 2500 Hz BF3 glow discharge created using the hollow cathode at 1400V
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The ion energy distribution obtained are similar to the ones obtained previously

for different cathode bias. When the plasma density is increased, the fraction of ions

colliding inside the sheath decreases, and less low-energy B+ and BF+ ions are observed.

At the same time, the fractions of energetic B+ and BF+ ions increase.

The fraction of B+ ions reaching the cathode with a full high-voltage acceleration

increases from 0.2 to 1.4 % between 3.5 and 7.5 cm and is stabilized from 7.5 to 10 cm

(see Fig. 110). The maximum fraction, 1.4% percent is close to the B+ fraction measured

in the bulk plasma with a 10 cm gap. It seems to indicate that the collision-less sheath

regime is achieved for the B+ ions in the case of a large gap, and all the B+ ions present in

the bulk reach the cathode with full energy acceleration. Even if the collision-free regime

is reached for bulk B+ ions in the case of a large gap, the mean energy of B+ remains

around 300 eV because of its double-peak distribution. Therefore, it can be concluded

that low energy B+ ions do not come from the bulk plasma but are created inside the

sheath.

Figure 110: B+, BF+, BF2
+ and BF3

+ ion fractions of with the full high-voltage acceleration under the
previously detailed conditions

The fraction of BF+ energetic ions slightly increases from 0 to 0.56 % of the total

flux of boron ions, but the fraction is not stabilized. In the case of BF2
+ ions, the fraction

of energetic ions increases quickly from 0 to 8.5 %, but never reaches a plateau. No BF3
+

energetic ions can be detected. It appears that the collision-free regime inside the sheath
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in this mode of operation is never reached for BF+, BF2
+ and BF3

+, even if the number of

collisions is reduced. Nevertheless, as BF+ behavior is similar to B+ behavior (increase of

its percentage after crossing the sheath and bi or tri-modal distribution). Consequently,

one can assume that low energy BF+ ions are also created inside the sheath and do not

come from the bulk plasma.

In this section, only two discharge conditions in the hollow cathode mode were

presented even if various other hollow cathode plasmas or pulsed anode plasmas were

studied. These cases also show the IEDs evolution between collisional and collision-less

sheath and will be presented later in this manuscript or can be found in the Appendixes 5

and 6. The shape of the IEDs will be discussed in detail for each ion in this chapter.

e) Ion energy distribution for collisional sheath

When the hollow cathode is not used, the discharge is operated in a diode

configuration (anode grounded and cathode negatively pulsed) and higher pressures are

required to ignite the plasma. In this configuration, the electron density is lower than in

the hollow cathode configuration. Lower plasma density implies larger sheath thickness.

The number of collisions should thus increase. Therefore, the energy distribution of the

ions reaching the cathode after acceleration inside the high-voltage sheath is expected to

be strongly affected and spread to lower energy.

Fig. 111 shows the ion energy distributions for the different ions striking the high-

voltage cathode under different gas discharge pressures during 1kV and 500V

implantation. B+, BF+, BF2
+ and BF3

+ are the only ions that reach the cathode after

crossing the collisional sheath. After the high voltage sheath acceleration, heavy ions

such as B2F3
+ and B2F5

+ ions are not detected. BF3
+ is always a minor ion in pure BF3

plasmas. BF3
+ IED shape is similar to argon and neon IED shapes shown on figure 101.

The charge exchange of BF3
+ with its parent neutral molecule seems to govern its IED

shape.
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Figure 111: B+, BF+, BF2
+, BF3

+ IEDs normalized to the total flux of boron ion. (a) 1 kV 2500 Hz BF3

plasma at three different pressures: 30, 50, 70 mTorr, (b) 500 V 2500 Hz BF3 plasma at four different
pressures: 100, 150, 200, 250 mTorr
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The shape of the BF2
+ IED seems also to be affected by the charge exchange with

BF2(g). BF2
+ remains the dominant ion but its fraction is significantly reduced from

around 85 % to 50 or 60 % of the total flux of boron containing ions after crossing the

high-voltage sheath (see Fig. 103 and 104, three first conditions).A large disparity in the

relative ion abundance between the bulk plasma measurement and the cathode IEDs is

also observed in the case of the collisional sheath. B+ and BF+ fractions increase by a

factor of 10 after crossing the plasma sheath. In the 1kV case, the ion energy distribution

of B+ and BF+ presents a two-peak distribution. Their IED shapes do not seem to be

governed by charge exchange collision processes.

These observations seems to confirm that B+ and BF+ are created inside the sheath

when the heavy ions such as BF2
+, B2F3

+ or B2F5
+ are destroyed inside the sheath by

collisions.

f) Parameter driving the shape of ion energy distribution shapes

As discussed previously, IED shapes are strongly influenced by the number of

collisions inside the sheath. The reduced electric field (E/N) can be used to estimate the

variation of the number of collisions inside the sheath. Indeed, an increase of E/N, due to

an increase of the electric field (increase electron density) or a decrease of the gas density,

leads to a reduction in the number of collisions inside the sheath. The mean energies for

B+, BF+, BF2
+, BF3

+, calculated from the measured IED using equation {IV.2.18}, as a

function of the electric field-to-gas density ratio (E/N) under various operating discharge

conditions for a collisional sheath in a BF3 glow discharge is presented on Fig. 112. An

increase of E/N, leads to a reduction in the number of collisions inside the sheath. As a

direct effect, the ion mean energy is increased for a higher E/N. The E/N gives a good

indication of how the number of collisions inside the sheath evolves, but does not provide

an estimation of this number. Furthermore, the reduced electric field can not be easily

estimated in the case of hollow cathode plasmas. Therefore an estimation of the number

of collisions inside the sheath (


s ) is necessary.
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Figure 112: Mean ion energy normalized to the cathode voltage for B+, BF+, BF2
+ and BF3

+ ions
reaching the cathode for a collisional and highly collisional sheath under various operating discharge

conditions in a BF3 glow discharge as a function of electric field-to-gas density ratio.

As the cathode ion current is known, the number of collisions


s can be

estimated using the equation {IV.2.5 or IV.2.12}. Only BF2
+ will be considered for this

calculation as it is the dominant ion under all the various conditions. The hard sphere

model is used to estimate the ion-neutral cross section for a BF2
+ ion. A constant ion

neutral cross-section of 215 cm102  is assumed.

Fig. 113 shows the ion mean energy as a function of the number of collisions

inside the sheath for various BF3 diode glow discharge conditions. As expected, the ion

mean energy is strongly affected when


s increases. When the glow discharge is

operated in a planar diode system, a collision-less sheath is not achievable due to the

pressure limitation and the low plasma density. Under the planar diode system, the

discharge is always operated in a collisional mode. The number of collisions inside the

sheath is a relevant parameter that drives the IED shape and describes well the

experimental conditions in the case of collisional sheath.
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Figure 113: B+, BF+, BF2
+ and BF3

+ mean energies normalized to the cathode voltage, as a function of
the number of collisions for various BF3 glow discharge conditions

Fig. 114 shows the ion mean energy as a function of the number of collisions

inside the sheath for many different BF3 hollow-cathode glow discharge conditions. As

the discharge can be ignited at lower pressures and lower cathode biases, higher ion mean

energies are achievable when the hollow-cathode is turned-on. The discharge can thus be

operated in a collision-free regime. When only a few collisions happen, the heavy

molecular ions can be detected at the cathode.

Figure 114: Experimentally calculated B+, BF+, BF2
+, BF3

+,, B2F3
+ and B2F5

+ mean energies normalized
to the cathode voltage, as a function of the number of collisions for many different BF3 hollow cathode

glow discharge conditions

1 kV
0.75 kV

0.5 kV



Chapter IV Plasma doping of silicon with BF3 chemistry

L. Godet 176

To conclude, the common parameter that is governing the shapes of the IEDs for

the ions reaching the cathode under various BF3 glow discharge (HC, no HC, pulsed

anode) is the number of collisions inside the sheath,


s .

Ion energy distributions discussion

g) Observations and comments

In summary, the major observations and comments discussed in the previous

sections are:

 BF3
+ ion is always a minor ion in pure BF3 plasmas. The charge exchange

collisions of BF3
+ with its parent neutral molecule seem to govern its IED

shape (see Fig. 106, 109, 111 and Appendices 5 and 7).

 BF2
+ ion is the dominant ion under all conditions in the bulk plasma and in the

high-voltage sheath. As the fraction of BF2
+ ions is significantly reduced after

the high-voltage sheath acceleration as soon as collisions take place. The BF2
+

ions seem to be lost by a collision process. The shape of the BF2
+ IED in the

diode case seems also to be affected by the symmetric charge exchange

between BF2
+ and BF2(g) (see Fig 111 and Appendix 7).

 The heavy molecular ions do not survive any collisions during the

acceleration across the sheath. If they are detected, only the energetic

component of these ions is collected (see Fig 104 and Fig. 106). The exact

structure of these ions is not known. However, a boron-boron bond is unlikely.

By comparison to the diborane molecule (B2H6), we can make assumptions

concerning their structure. The diborane molecule does not present a boron-

boron bond. The two BH3 monomers are weakly bonded through boron –

hydrogen electrostatic interactions. B2F3
+ and B2F5

+ may have a similar
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structure with a weak electrostatic interaction between fluorine and boron

atoms. Therefore small energy is probably sufficient to dissociate these ions,

and dissociation is certainly very efficient when kinetically excited ions

collide with neutrals in the sheath. This is in agreement with the complete

absence of low energy heavy ions reaching the cathode. Concerning bulk

measurements, we can suppose that heavy ion fractions measured are correct

since the sheath drop voltage is low enough (Vp – Vf = some few eV) and the

sheath is probably not collisional, even for heavy ions.

 As soon as few collisions take place, the fraction of B+ and BF+ is increased

during the sheath acceleration. B+ and BF+ ions seem to be created inside the

sheath. Since a double-peak distribution is observed for B+ and BF+, their IED

shapes are not mainly due to charge exchange (see Fig 106, 109, 111 and

Appendices 5, 6 and 7). The energetic peak of the IEDs for B+ and BF+ seems

to be due to the B+ and BF+ ions present in the bulk plasma, which are

accelerated inside the sheath without any collisions.

 In the collision-less regime, all the IEDs peak at the energy maximum defined

by the cathode acceleration (see Fig. 106, 109, Appendices 5 and 6).

The shapes of the IED will now be detailed and quantified for each ion separately.

The goal is to present the collision processes that can occur inside the high-voltage sheath

for each ion, starting with B+, followed by BF+ and concluding with BF2
+, BF3

+ and the

heavy molecular ions.

h) B+ ion energy distribution

As discussed previously, the relative abundance of B+ in the bulk plasma

composition represents only a few percent (see Fig. 115).
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Figure 115: B+ ion fraction as a function of the number of collisions under various BF3 discharge
conditions (HC, no HC, Pulsed anode, Neon dilution) for (a) bulk plasma, (b) ions reaching the cathode

The probability of creating B+, as compared to the probability of creating BF2
+ by

electron impact is low (see section IV.1.2). The fraction of B+ thus remains small in the

bulk plasma. However, a large fraction of B+ ions, up to 35 % of the total ion flux can be

measured as they reach the cathode. As can be seen on Fig 115b, the B+ fraction crossing

the sheath is strongly dependant on the number of collisions inside the sheath. The same

amount of B+ is detected in the bulk plasma and in the high voltage sheath when the

sheath is collision-less, but as soon as the number of collisions increases, the fraction of

B+ quickly rises (when there are between 1 and 5 collisions). It reaches a plateau after 10

collisions. There are two different hypotheses that could explain the creation of B+ inside

the sheath:

 Ionization inside the high voltage sheath by secondary electron impact during their

acceleration by the electric field inside the high voltage sheath.

When the secondary electrons emitted at the cathode are accelerated inside the

sheath, the higher probability of collision is with BF3, as it is the major neutral

species in the gas phase. Such a collision is more likely to create BF2
+ ion than B+ ion

when the electron impact energy is lower than 100 eV, based on the electron impact

dissociation of BF3(g) (see section IV.1.2). No data is available for higher electron

impact energies, but the total ionization cross-section of BF3(g) shows that the highest

probability of electron ionization is around 100 eV (see BF3 cross-section {IV.1.1}).
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To summarize, for energies below 100 eV, the ion most likely to be created by

electron impact is BF2
+. For electron energies higher than a few hundred electronvolts,

electron ionization is less likely to happen. Based on this observation, the first

hypothesis can be ruled out.

 Heavier ions dissociation inside the sheath (BF2
+, B2F3

+ or B2F5
+).

A significant fraction of heavy molecular ions are measured in the bulk plasma

(up to 25%) but only few of them reach the cathode. These ions are therefore lost in

the sheath, either by transition into neutrals or lighter ions. Mizutani have reported

similar behavior in the case of Ar-C3F8 mixture, where CF+ and CF2
+ were created

inside the sheath by dissociation of fast CF3
+ [Mizutani 2000]. In order to verify this

hypothesis, a number of measurements are performed on each B+ IED. A schematic

of a typical B+ IED shape in a moderately collisional sheath is presented in Fig. 116

(see Fig 105, Appendices 5 and 6). When the sheath is very collisional, the two peaks

cannot be distinguished, therefore, the highly collisional sheath case will not be used

to verify the hypothesis.

Figure 116: Schematic of the typical shape of B+ IED for a moderately collisional sheath (s/ < 6
collisions)

If the hypothesis of heavy ion dissociation inside the sheath is valid, these ions

should travel a certain distance inside the sheath before being destroyed. This distance is

defined as their mean free path, 1_iHeavy . They are then dissociated into lighter ions such

as BF+ or B+. The resulting B+ and BF+ will not appear with the full sheath acceleration
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since they are created inside the sheath. The assumption that they are created at rest will

be made. This is justified since only some few eV are probably sufficient to dissociate

heavy ions, and the remaining energy of the dissociation reaction is probably low.

Therefore, the difference between the energetic peak and the maximum of the second

peak of the IED for B+, 1V , should correspond to a distance x linked to 1_iHeavy . Using

the collisional child Langmuir sheath (equation {IV.2.10}, 1V can be expressed by:
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where 0V)0( P  and 
2iBF

 is the BF2
+ mean free path. The assumption here is that

BF2
+ ion defines the sheath potential as it is the dominant ion inside the sheath. The

probability for a particle to do not undergo any collision over a distance x is ixe  and

the probability to have a collision on the distance x is  ixe 1 . For 1_iHeavy3x 

({IV.2.19}), 95 % of the heavy ions have collided.

Based on the potential equation {IV.2.18} and {IV.19}, the equation can be

obtained:
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where iHeavy is the cross section for dissociation of heavy ion inside the sheath.
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The following relationship should be obtained if the hypothesis of heavy ion

dissociation creating B+ inside the sheath is valid:
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1V is measured on B+ IEDs, ji is deduced from measured cathode current and

2iBF is estimated using a BF2
+ ion neutral cross-section of 215 cm102  .

As expected by the hypothesis, Fig 117 shows an excellent linear relationship

between the U function and the pressure. This validates hypothesis of the creation of B+

by dissociation of the heavier ions by collision with neutral particles from the gas phase.

Figure 117: U function as a function of pressure for different plasma conditions in collisional pure BF3

plasma

The average cross-section of heavy ions can thus be estimated based on the

assumed BF2
+ cross-section. The calculated 1_iHeavy for heavy ions is equal to:

19219

1_iHeavy 102.0m103.2


 {IV.2.24}
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where 219102
2

m
BF

 . It should be noticed that the two values of 
2BF

 and 1_iHeavy

are of the same order of magnitude. However, the value 1_iHeavy must be taken with care

as many assumptions are used to derive it. The creation of B+ inside the sheath is

probably due to the dissociation of heavier ions such as BF2
+, B2F3

+ or B2F5
+ into B+ after

a collision with a neutral particle during the acceleration inside the sheath (see following

reaction).

Mfragments_NeutralBMFB yx  


where x = 1 or 2 and y = 2, 3 or 5. The heavy ion that creates B+ cannot be identified with

this method.

i) BF+ ion energy distribution

As discussed previously, similar observations to those made for B+ can be made

for BF+. The relative abundance of BF+ in the bulk plasma only represents a few percent

(see Fig. 118a). The probability of creating BF+ through electron impacts is small

compared to that of creating BF2
+ (see section IV.1.2). The fraction of BF+ in the bulk

plasma thus remains small under all the different plasma conditions, as can be seen in Fig.

120a. In contrast a large fraction of BF+, representing up to 25 % of the total boron ion

flux, can be measured at the cathode (see Fig. 118b).

Figure 118: BF+ ion fraction as a function of the number of collisions under many different BF3

discharge conditions (HC, no HC, Pulsed anode, Neon dilution) for (a) the bulk plasma, (b) the ion
reaching the cathode
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BF+ presents the same behavior as B+, and the BF+ fraction is also strongly

dependant on the number of collision inside the sheath. The amount of BF+ detected in

the bulk plasma is slightly lower than the one detected across a collision-less sheath, but

as soon as the number of collisions increases, between 1 and 5 collisions, the fraction of

BF+ increases quickly. It reaches a plateau after 5 collisions. The same hypothesis as for

B+ can still hold true in the case of BF+ and for the same reason, the creation of BF+ by

secondary electron impact can be ruled out.

After reviewing all the different BF+ IED shapes under many different plasma

conditions, the shape of the IED could be described as composed of three different

convoluted peaks (see Fig 119): the first peak corresponds to the bulk plasma BF+ ions

that reach the cathode without collision, and is followed by two other peaks (see Fig. 109,

Appendices 5 and 6). The ratio between these two peaks appears to change with different

plasma conditions (see Appendix 7).

Figure 119: Schematic of a typical shape of BF+ IED for a moderately collisional sheath. Three
different peaks can be observed

If the hypothesis of heavy ion dissociation inside the sheath is valid, these two

peaks could be due to different heavy ion species. Each heavy ion species may have

different mean free paths ( 2_iHeavy and 3_iHeavy for example). The difference between

the energetic peak and the maximum of the second and third peak of the IED for BF+,

2V and 3V (respectively) should be linked to 2_yiHeav and 3_yiHeav respectively. Using

2 13
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the same calculation than for B+, similar relationship{IV.2.23}for 2V and 3V can be

obtained:
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where 2_yiHeav and 3_yiHeav are the cross section for the dissociation of two different

heavier ions.

As is expected with the hypothesis, Fig. 120 shows two different linear

relationships between the U function and the pressures for V2 and V3. This validates

the hypothesis of BF+ creation by dissociation of the heavier ions by collision with

neutral particles from the gas phase. The two different linear relationships are probably

signs of two different ways to create BF+ inside the sheath. The linear relationship is less

evident for V2 since the position of the first peak is not well defined.

Figure 120: U(Vx) function as a function of pressures for different plasma conditions in collisional
pure BF3 plasma (with x = 2 or 3)

The average cross section of heavy ions that create BF+ can thus be estimated by

using a constant BF2
+ cross-section 219102

2
m

BF

 and by defining 2_iHeavy and

V2

V3
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3_iHeavy as the cross-sections of the two different heavy ions that dissociate inside the

sheath to create the second and third peak (respectively) on the IED for BF+. The two

cross-sections can thus be estimated through the following equations:

19219
)2( 105.0106.4 

  mViHeavy {IV.2.27}

19219
)3( 1025.0108.1 

  mViHeavy {IV.2.28}

Again, these values must be taken with care as their calculation is based on many

assumptions.

As 2_iHeavy is different than 3_iHeavy , the creation of BF+ inside the sheath is

probably due to the dissociation of two different type of heavier ions such as BF2
+, B2F3

+

or B2F5
+ into BF+ after a collision with neutral particle during its acceleration inside the

sheath (see following reaction).

Mfragments_lNeutraBFMFB yx  


where x = 1 or 2 and y = 2, 3 or 5. The heavy ion that creates BF+ cannot be identified

using this method.

In contrast with the B+ ion, the BF+ ion energy distribution always presents a

minimum of two peaks even when the sheath is collision-less for B+ and BF2
+ (see Fig.

105, 106 with a cathode bias at 50V and 100V). This seems to indicate that the second

peak on the BF+ IED does not come from the dissociation of BF2
+ ion inside the high-

voltage sheath. On the other hand the fraction of B2F3
+ and B2F5

+ is below 2 % of the

total ion flux even for cathode bias voltage of 50 or 100 V. The second peak on the BF+

IED probably comes from the dissociation of B2F3
+ or B2F5

+ ion inside the high-voltage

sheath. Similar observation can be made from measurements presented in the Appendix 5.

j) BF2
+ ion energy distribution

As expected according to the BF3(g) dissociation by electron impact probability,

BF2
+ is the dominant ion in the bulk plasma and remains so until it reaches the cathode

after the high-voltage sheath acceleration. When the sheath is totally collision-less for

BF2
+ (in the pulsed-anode case), the fraction of BF2

+ detected on the cathode is similar to

the one measured from the bulk plasma (see Fig.121) and the ion energy distribution is
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peaked at the maximum energy (see Fig. 106, cathode bias: 50 to 300V, and Appendix 6,

HC bias: 2200 V). As soon as some collisions take place, the BF2
+ ion fraction is

significantly reduced after the high-voltage sheath acceleration; the BF2
+ seems to be lost

by a collision process. In this section we will try to explain the BF2
+ IED shapes in the

three regimes, the collision less regime (


s <1), the fewly collisional regime (1<


s <5)

and the highly collisional regime (


s >5). We start with the collision less regimes.

Figure 121: BF2
+ ion fraction as a function of the number of collisions under many different BF3

discharge conditions (HC, no HC, Pulsed anode, Neon dilution) for (a) the bulk plasma, (b) the ion
reaching the cathode

When the sheath is not collisional for BF2
+ ions (see Fig. 106, Vc < 300V;

Appendix 5, HC voltage > 1800V), the energy distribution is peaked at maximum energy.

A slight spread toward low energy is observed and corresponds to momentum transfer

collisions. In theses conditions, the BF2
+ bulk fraction is equal to the BF2

+ fraction

reaching the cathode (see Fig. 121), and B+ energy distribution present only one peak at

maximum energy (see Fig 105, Fig.106, Vc < 300V; Appendix 5, HC voltage > 1800V).

As soon as some collisions take place, the BF2
+ ion fraction is reduced after the high-

voltage sheath acceleration and the B+ energy distribution present a second peak (see

Fig.105 and Fig. 106, Vc > 300V; Appendix 5, HC voltage < 1800V). We may attribute

this second peak on B+ IED to BF2
+ dissociation inside the sheath.

When the sheath is highly collisional (


s > 5 collisions, see Fig. 111b, 500 V, no

HC and high pressure), the distribution is peaked at lower energy. The shape of the BF2
+

IED seems to be affected by the symmetric charge exchange between BF2
+ and BF2(g)
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(see Fig 111 and Appendix 7). Indeed, the shape of the BF2
+ IED (see Fig. 109b) is

similar to the shape of Ne+ and Ar+ IEDs in neon and argon plasma presented by Davis

and Vanderslice (see Fig. 105). BF2
+ IED during the 500 V high-pressure has been fitted

with the modified Davis and Vanderslice model by adjusting the number of collisions

inside the sheath. All the different IEDs can be well fitted using the Davis and

Vanderslice model. The number of collisions obtained with the model is presented on Fig.

122.

Figure 122: Normalized BF2
+ IED in the case of a high-pressure, low-energy (500V) BF3 discharge

under different operating pressures (100, 150, 200 and 250 mTorr), fitted with the modified Davis and
Vanderslice model (DVS) by adjusting the number of collisions inside the sheath

As could be expected, with the rising pressure the number of collisions increases.

The number of collisions inside the sheath based on the Davis and Vanderslice (DVS)

model does not match the one calculated using the ion current density in a collisional

sheath.


s is higher in the case of the VDS model (see Table 11).

Table 11: 500V high pressure,


s calculated based on BF2
+ hard sphere model,


s measured with

Davis and Vanderslice (VDS)
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As already explained, the fraction of BF2
+ reaching the cathode is significantly

lower than the BF2
+ bulk fraction in case of highly collisional sheath (see for example Fig.

103 and Fig. 104, first condition, and Fig.121). Moreover, the B+ and BF+ fractions are

high at the cathode under the same conditions. This is a strong indication that BF2
+

dissociates inside the sheath and creates B+ ions and maybe BF+ ions. Therefore charge

exchange is not the only inelastic process affecting the IED shape, and it could explain

why the Davis and Vanderslice model overestimates the number of collisions inside the

sheath.

The BF2
+ IED shape is more difficult to interpret in the transition regime, between

the collision less and the collisional regimes. As soon as the sheath becomes collisional

(between 1 and 5 collisions), a two peaks energy distribution is observed (Fig. 123). The

first peak is composed of the BF2
+ ion extracted from the bulk plasma without collision.

The second peak is located at lower energy than the sheath acceleration. The ratio

between the two peaks is a function of the number of collisions inside the sheath (see Fig.

109 and 111a). In many other cases such as in Fig. 106 (for cathode bias of 750 and

1000V), Appendix 5 (for HC BF2
+ IED 1000V and 1200V) or Appendix 6 (pulsed anode

mode 1200V), the BF2
+ IED shape presents a two peaks distribution, as illustrated in Fig

123.

Figure 123: Schematic of a typical shape of BF2
+ for moderately collisional sheath

This second peak can not come from the dissociation of a heavy ion (B2F3
+ or

B2F5
+). Indeed, the high value for V4 (Fig.123) corresponds to a position in the sheath
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close to the cathode, and therefore to a high heavy ion mean free path, 4_iHeavy . Such

high mean free path should imply the detection of heavy ions at the cathode under these

conditions, while no signal is observed (Fig 106 and Fig.107, 1000V).

Since BF2
+ is the ion created preferentially by electron impact ionization of BF3

(g) molecules, the second peak could also origin from ionization in the sheath by

secondary electrons emitted by the cathode. However, in most conditions, the electron

ionization mean free path is higher or of the same order of magnitude as the sheath

thickness. For instance, in the case of hollow cathode pulsed at 800 V for a 500 V

cathode voltage and a pressure of 20 mTorr, the electron mean free path calculated using

the maximum of the electron ionization cross section (see Fig.89) is estimated to be 3.1

cm, while the sheath thickness is estimated to be 2.6 cm. Therefore, in any conditions,

ionization can not take place close to the cathode and can not explain the second peak on

BF2
+ IED. Furthermore ionization would tend to increase BF2

+ fraction while a reduction

is observed

The last hypothesis to explain the second peak of the BF2
+ IED, is a combined

effect of the two kind of inelastic collisions occurring inside the sheath, the charge

exchange and the dissociation. In the slightly collisional regime, some ions may reach

high energy at which dissociation may dominate charge exchange. Therefore, colliding

ions with high energy (> eV4, Fig. 123) may lead to dissociation and not to charge

exchange. No ion is thus created at rest close to the cathode and no ion is detected at low

energy.

It is important to note that BF2
+ ion has covalent bonds between boron and

fluorine atoms, and its dissociation requires high energy to occur efficiently (much more

energy than for dissociation of heavier ions B2F3
+ and B2F5

+). Thus, the remaining

energy of the dissociation reaction may be high, explaining why the B+ second peak

position (V1, Fig.116) does not correspond to V4 (Fig. 123).

In conclusion, the BF2
+ IED is composed of the energetic BF2

+ ions from the bulk

plasma in case of a non collisional sheath. In case of highly collisional sheath, the BF2
+

IED shape is in agreement with the Davis and Vanderslice model, despite the number of

collisions calculated by the model is too high. We showed that BF2
+ ions probably



Chapter IV Plasma doping of silicon with BF3 chemistry

L. Godet 190

dissociate inside the sheath to form B+ and maybe BF+ ions. The presence of two kind of

inelastic collisions, charge exchange and ion dissociation, may explain the BF2
+ IED

shape for slightly collisional regimes, and may also explain why the calculated number of

collisions by Davis and Vanderslice model is too high.

k) BF3
+ ion energy distribution

Under all plasma conditions, BF3
+ remains a small fraction of the total ion flux in

the bulk plasma, below 5% of the total ion flux (see Fig. 125). The BF3
+ fraction

measured at the cathode remains similar to the one measured in the bulk plasma. This

indicates that the probability of asymmetric charge transfer between BF2
+ and BF3 is

unlikely.

Figure 125: BF3
+ ion fraction as a function of the number of collisions under many different BF3

discharge conditions (HC, no HC, Pulsed anode, Neon dilution) for (a) the bulk plasma, (b) the ion
reaching the cathode

In the case of a collisional sheath, the BF3
+ IED shape is strongly affected by

collisions and the mean energy is decreased to low energies. The shape of BF3
+ (see Fig.

109, 111 a and b) is similar to the shape of measured Neon or Argon IEDs presented by

Davis and Vanderslice. The BF3
+ IED has been fitted with the modified Davis and

Vanderslice model by adjusting the number of collisions inside the sheath.
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Figure 126: Normalized BF3
+ IED in the case of high pressure low-energy (500 V) BF3 discharge for

different operating pressure (100 and 200 mTorr) fitted with the modify Davis and Vanderslice model
(DVS) by adjusting the number of collisions inside the sheath

The fraction of neutral BF3 in the gas phase is much higher than that for BF2.

Therefore, the probability of a charge exchange between BF3
+ and BF3 is much higher

than that between BF2
+ and BF2. The number of collisions obtained for BF3

+ is also

higher than that for BF2
+ under the same conditions. The BF3

+ charge exchange cross-

section 
3iBF

 can be estimated by the following equation using the measured sheath

thickness under the same plasma conditions:

19219 1025.0108.8
3

  m
iBF

 {IV.2.19}

As expected, 
3iBF

 is larger than the BF2
+ charge exchange cross section 

2iBF
 .

The calculated 
3iBF

 based on the Davis and Vanderslice model is almost four times

higher than the one calculated with the hard sphere model.

l) Heavy ions

As discussed previously in Fig. 103, the heavy molecular ions represent a large

fraction of the bulk plasma population. In this section, the creation of these heavy ions is

discussed as well as their dissociation inside the sheath by collision with neutral particle.
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The heavy ion creation seems to be enhanced during the afterglow period. Under

all the different plasma conditions studied (see Fig. 127), a substantial fraction of heavy

ions such as B2F3
+ and B2F5

+ are measured during the afterglow.

Figure 127: Bulk plasma boron ion fractions normalized to the total flux of boron containing ions
during the afterglow in BF3 plasma for different cathode voltage biases, pressures and frequencies as

measured by the mass spectrometer installed on the anode

The fraction of heavy ions is significantly increased in the afterglow compared to

the pulse-on period. For example, the B2F5
+ fraction reaches up to 70 % of the total boron

ion flux during the afterglow and becomes the dominant boron ion. BF2
+ fraction is

strongly reduced and B+, BF+ and BF3
+ are not detected in the afterglow plasma. It should

be noted that the B2F5
+ fraction measured during the pulse-on period (see Fig. 128a) and

the afterglow (see Fig 128b) decreases with the frequency while BF2
+ increases.

Figure 128: Fractions of boron containing ions normalized to the BF2
+ fraction for a 1 kV 40 mTorr

50s as measured in the bulk plasma during the pulse-on (a) and the afterglow (b)

(a) (b)
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Therefore, the suspected reaction channel that creates heavy ions such as B2F5
+ is

a three-body recombination, such as the one below:

MFBMBFBF 


5232 (Three-body recombination)

This reaction channel is likely important in the afterglow since it is not balanced

by a dissociation mechanism such as:

e + B2F5
+  BF2

+ + BF3 + e

When the frequency is increased, while the pulse-on time remains constant, the

afterglow period is reduced and the fraction of B2F5
+ measured decreases. This indicates

that the afterglow period is becoming lower than the three body reaction characteristic

time.

In contrast, the fraction of B2F3
+ increases when the frequency is raised. At low

frequencies or low plasma densities, the B2F3
+ may be destroyed by dissociation or

dissociative recombination between the B2F3
+ and electron either in the gas phase or on

surrounding surfaces. The presence of negative ions in the BF3 afterglow may also play a

role in altering these processes. Another hypothesis could be that B2F3
+ may also

recombine to create heavier ions. Further studies are needed to conclude but the heavy

ions (at least B2F5
+) are for sure mainly created during the afterglow since no dissociation

by electron impact occurs.

The bulk plasma fraction of heavy ions such as B2F3
+ and B2F5

+ fluctuates and

seems to be strongly dependant on the process conditions in use (see Fig. 129). For

example, in the no-hollow cathode case, the B2F5
+ fraction fluctuates from 2 % to 35 %

of the total ion flux.
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Figure 129: B2F3
+ (a) (b) and B2F5

+ (b) (d)ion fractions as a function of the number of collisions under
many different BF3 discharge conditions (HC, no HC, Pulsed anode, Neon dilution) for the bulk plasma

(a), (c), and for the ion reaching the cathode (b), (d)

The totally collision-less regime is never reached in the case of heavy ions such as

B2F3
+ and B2F5

+. The heavy ions only start to be detected on the cathode side when the

sheath is close to being collision-less. These heavy ions dissociate inside the sheath by

collision with neutral and form lighter ions.

In conclusion, the bulk plasma composition is changing when the frequency is

increased and in particular the fraction of heavy molecular ions increases. The fraction of

heavy molecular ion is significantly increased during the afterglow; the B2F5
+ becomes

the dominant ions. The heavy ions seem to be created by three body recombination.

These ions are still present when the negative pulse starts. Their probability of collisions

inside the sheath is high and only a minor fraction of them is detected when the sheath

becomes collision-less for BF2
+.

Role of negative Ion:
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Usually, negative ions can not cross the sheath potential barrier and are trapped

inside the plasma. To observe negative ions by mass spectrometry, one must pulse the

plasma and detect negative ions in the afterglow when the sheath has completely

collapsed [Overzet 1992, Overzet 1993, Howling 1993 and Howling 1994]. Negative ions

observed during the pulse-on or during continuous plasma by mass spectrometry are

highly energetic negative ions that have sufficiently energy to cross the sheath [Zeuner

1996, Stoffels 2001]. Under our experimental conditions it is possible to observe negative

ions in the reverse bias scheme when the mass spectrometer is inside the grounded

cathode and the anode is negatively biased.

Due to the positive overshoot, the negative ions cannot be extracted during the

afterglow even if the plasma is pulsed. However, negative ions are also created inside the

high-voltage sheath or at the cathode surface during the pulse-on period and are

accelerated by the high voltage sheath toward the bulk plasma and the anode (where the

mass spectrometer is installed). An example of F- ion energy distribution measured

during the pulse-on period at the grounded electrode during a 1 kV, 40 mTorr, 2500 Hz,

50 s BF3 glow discharge is presented in Fig. 130. The measured IED is peaked at low

energy around 8 eV (which correspond to the measured plasma potential during the pulse

–on period see Fig. 95a) and spread up to 200 eV. The F- ions with energy lower than the

plasma potential cannot cross the potential barrier and are trapped in the plasma. F- ion is

the dominant negative ion created inside the sheath but other ions such as BF4
- are also

detected.

Figure 130: F- IED measured on the anode side during the pulse-on period of a 1 kV, 40 mTorr, 2500
Hz, 50 s, 4.5 cm BF3 plasma
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In conclusion, the negative ions probably play an important role in the kinetics of

the BF3 bulk plasma but are not implanted in the wafer; indeed, the negative ions are

trapped in the bulk plasma and cannot be extracted even during the afterglow due to the

power supply overshoot. During the pulse-on period, negative ions created inside the

high-voltage sheath or at the wafer surface are accelerated toward the anode with a large

energy spread.

Concluding remarks

The IED shape for each ion was described in detail under this section. It was

demonstrated that


s is a key parameter in understanding and explaining the shape of

the IED measured in the high-voltage sheath. B+ and BF+ are created inside the sheath as

their concentration in the bulk is far lower than at the cathode. The fraction of BF2
+ is

also strongly reduced after crossing the high-voltage sheath. The main reaction channels

that create B+, BF+ and BF2
+ inside the sheath were identified. Heavy molecular ions,

such as B2F3
+ and B2F5

+, are created by a three-body recombination, probably destroyed

in the bulk plasma by electron impact, and therefore their concentration increase in the

afterglow. These ions are dissociated inside the sheath by colliding with neutral particles

of the gas phase. The presence of a symmetric charge exchange for BF2
+ and BF3

+ was

also demonstrated in the case of a collisional sheath. A list of the different reaction

channels that take place in the high-voltage sheath is presented below.

 Charge exchange:


 3333 )( BFBFgBFBF Probable


 2222 )( BFBFgBFBF Probable


 3232 )( BFBFgBFBF Not likely to happen
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 Ion dissociation inside the sheath:

Mfragments_NeutralBMFB yx  


Mfragments_NeutralBFMFB yx  


Mfragments_NeutralBFMFB 2yx  


(Not demonstrated)

where x = 1 or 2 and y = 2, 3 or 5.

A more complete description of the exact mechanisms occurring inside the sheath

would be interesting but requires further experiments. Nevertheless, it was observed that

the B+ and BF+ fractions are strongly dependant on the number of collisions inside the

sheath and can be reduced by minimizing the number of collisions during the high-

voltage acceleration. The control of light ions, such as B+ and BF+, is vital to obtain

shallower junctions during ion implantation. More details will be presented in Chapter V.
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Chapter V Understanding, control and
optimization of the process
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V.1 PLAD process control

In this section, the chamber conditioning after maintenance, the plasma and Rs

uniformity and the plasma etching with BF3 chemistry will be presented and described.

Chamber conditioning

During PLAD maintenance, all the interior parts of the process chamber are

exposed to the ambient atmosphere. After exposure to the BF3 plasma, the process

chamber walls are reactive to the ambient environment (H2O, O2, CO2…). An oxidation

layer forms on all the chamber parts (anode, cathode, chamber wall) during exposure to

the atmosphere.

In order to reach a stable process after maintenance, the chamber has to be

conditioned. An understanding of the plasma surface interaction with the BF3 chemistry

is required to improve the conditioning step.

Observation

Following chamber maintenance, a shift in the Rs and Rs non-uniformity

measured on annealed wafers can be observed. Fig. 131 shows the evolution of the Rs and

Rs non-uniformity before and after the chamber maintenance in the case of a 3 kV PLAD

implantation.

Figure 131: Sheet resistance (Rs) and its non-uniformity evolution before and after chamber
maintenance during the conditioning step (3 kV, 18 mTorr, 28 s, 1015 ions/cm2)

Rs non-uniformity

Rs
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The wafer for the Rs measurement was implanted with a dose of

215 /101 cmions . The wafers between the Rs monitor wafers were implanted with a

higher dose of 216 /102 cmions .

Just after the opening of the chamber, the Rs increases by thirty percent, while

the non-uniformity is improved. Higher Rs means a lower boron dose implanted. A large

number of implanted wafers is needed to recover the original Rs values. A similar

observation can also be made for higher and lower implantation energies. As the time

needed to stabilize the process after the chamber opening can reach up to six hours of

plasma and wafer handling, opening the chamber can become very costly, and an

optimization of the chamber conditioning step is thus needed.

In order to acquire a better understanding of the conditioning step, a detailed

study using a Langmuir probe, mass spectrometry and Rs and SIMS measurements was

performed at a low energy (300V) after chamber maintenance. It is discussed below.

Description of the experiments

When a base chamber pressure of 5×10-6 Torr is reached after chamber

maintenance, the 300 V BF3 plasma conditioning step is started (see Fig. 132).

Figure 132: Experimental conditions of the conditioning step study

The first and the last wafer of the test were used for SIMS measurements and

were implanted with a dose of 214 cm/ions101 . A Rs monitor wafer implanted with

t= 0 h Chamber maintenance
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214 cm/ions105 is included every third wafer. Low dose was used to increase

sensitivity. The two wafers between the Rs monitors are special wafers that have a laser-

cut hole in the center for mass spectrometry sampling. These wafers are implanted with a

dose of 216 cm/ions101 to provide enough time so that the measurements can be

performed. Langmuir probe measurements were also performed during the mass

spectrometric measurements. During these experiments, the total number of pulses, the

cathode current, the implant time and the cathode voltage waveforms were constantly

recorded. As only a manual load lock is available on the PLAD test-stand, the wafer

handling time is longer here than in the case of a production machine. The total duration

of this test (with the maintenance) is around eight hours, with four hours of pulsed

plasma-on time. The results of the test are detailed in the next section.

Conditioning test results

Fig. 133 shows the evolution of the sheet resistance, as measured at the center of

the wafer before and after the chamber maintenance for a cathode bias of 300 V, a

discharge pressure of 30 mTorr, a frequency of 2500 Hz, a pulse width of 30s under HC

plasma at 1500 V and an anode-to-cathode gap of 5 cm.

Figure 133: Sheet resistance evolution measured at the center of the wafer before and after the chamber
maintenance for 300V 30 mTorr, 30 s, 2500Hz, HC = 1500V, gap = 5cm, with an implanted dose of

1015 at/cm2
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As expected from previous experiments, after maintenance, higher Rs values are

observed immediately. In the case of low-energy implantation, the Rs values at the

beginning of the conditioning are higher than for a well-conditioned chamber. A long

conditioning time of 120 to 150 minutes is needed to recover a stable Rs.

Figure 134: (a) Boron containing ion fluxes normalized to the total ion flux(%) during the conditioning
step, (b) Evolution of the implanted boron atom fraction (see text) reaching the cathode during the

conditioning step after maintenance, using a 300 V, 30mTorr HC PLAD implantation

The different boron-containing ions that are present during conditioning and reach

the cathode with a fraction greater than 0.1% are B+, BF+, BF2
+, BF3

+, B2F3
+, B2F5

+ and

B5F4
+. Their time evolution is shown on Fig. 134a. BF2

+ is the dominant ion during of all

the conditioning. Its fraction increases with the time during conditioning and reaches a

stable level after 120 minutes. The recovery of the nominal boron ion flux correlates well

with the recovery of the initial Rs when the chamber is correctly conditioned. Once the

ion fractions are stabilized, the process becomes stable and repeatable.

All the other boron-containing ions are below 5 % of the total ion flux, and the

total boron-containing ion percentage reaches 83 % once the process is stabilized. The

remaining 17 % of the total ion flux mainly comes from a contaminant material, which

was used inside the process chamber at the time of the experiment. The fraction of the

contaminant ions was stable over time and was due to a reaction between the material

used and the BF3 chemistry. For industrial proprietary reasons, the contaminant material

used at the time of these experiments will not be discussed here.
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Fig. 134b shows the time evolution of the fraction of implanted boron dose,

normalized by the total ion flux, during the conditioning step after exposure to the

atmosphere. The boron dose fraction (
atBF ) is calculated using the following equation:
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1
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0
{V.1.1}

YxFB is the BxFy ion flux and allions is the total ion flux. At the beginning of the

conditioning step, the boron containing ion fraction represents less than 60 % of the total

ion flux and reaches a stable state of 85.5 % after 140 minutes of plasma exposure. The

PLAD dosimetry system detects all ions. During the conditioning step, many ions present

in the plasma are implanted into the wafer and are counted by the dosimetry system. The

implanted boron dose is thus lower than the dose measured by the Faraday cup, and the

Rs value is higher than in the case of a well-conditioned chamber. Fig. 134b correlates

well with Fig. 133. In order to avoid the boron surface saturation, a low dose of

214 cm/ions101 was implanted and analyzed by SIMS. In order to obtain the measured

boron dose implanted into the silicon wafer, the SIMS profile is integrated.

Figure 135: Boron and fluorine concentration at the beginning and the end of the conditioning step, as
measured by SIMS for a 1014 ion/cm2 300 V BF3 HC plasma
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As expected, the SIMS measurement of the first implanted wafer gives a boron

dose of only 213 cm/at109.2  (see Fig. 135) for a 214 cm/ions101 nominal dose, as

measured by the dosimetry system. When the process returns to a steady state, the SIMS-

measured boron dose is 213 cm/at1031.8  .

Based on the fraction of boron ions predicted through mass spectrometry (see

Fig. 134b) for a well conditioned chamber, a 214 cm/ions101 dose measured by the

Faraday cup should in fact represent a boron dose of 213 cm/at1055.8  . With only 3 %

less dopant implanted than expected, the measured SIMS boron dose matches the

corrected Faraday cup dose well. The mass spectrometer measurement gives an

indication of the trend of the boron concentration after the conditioning step and can be

used to control or correct the dosimetry system for better accuracy.

Figure 136: Cathode current and number of pulses to implant the 5×1014 ions/cm2

The evolution during the conditioning of the cathode current and the number of

pulses for each Rs wafer implanted with a dose of 214 /105 cmion is presented in Fig.

136. At the beginning of the test, the power supply current is drastically increased up to

twice its original value. The power supply current is then stabilized and back to its

baseline at value around 140 minutes after the beginning of the conditioning. A possible

explanation for this observation is an oxide layer created on the surface by the reaction of

the boron-fluorine compounds with the air environment during the maintenance, the
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cathode current increase at the beginning of the conditioning could be due to a change of

the cathode surface during exposure to air.

The cathode current or the number of pulses needed to achieve a certain dose

can also be used to monitor and control the conditioning step, and are simple methods

compared to using mass spectrometry measurements.

Figure 137: Values of the secondary electron emission coefficients of Si and SiO2, as a function of the
incident energy for the ions B+, F+, BF+, BF2

+ [Lenoble 2000]

It is well known that different surface materials have different secondary

electron emission coefficients [Chapman 1980]. Based on the equation {V.1.2}, a surface

material with a higher secondary electron emission (  ) coefficient will lead to a higher

cathode current ( cI ).

)1(  ionc II {V.1.2}

The secondary electron emission coefficient was calculated by Lenoble for a

non-collisional sheath in the case of B+, F+, BF+ and BF2
+ ions impacting Si or SiO2

targets at different energies normally to the surface [Lenoble 2000]. Fig. 137 shows the

results of this calculation. The secondary electron emission yield following a BF2
+ impact
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is higher for a SiO2 target than for a Si target. The secondary electron emission

coefficient for a 300 V BF2
+ incident ion is 60% higher in the case of a SiO2 target than

for the Si target.

If an oxide layer is created at the surface of the cathode, the ion accelerated by

the high-voltage sheath will eject more secondary electrons from the cathode and a higher

current will thus be observed. As the secondary electrons emitted from the cathode also

contribute to the ionization inside the bulk during a DC glow discharge, more secondary

electrons emitted from the cathode should also lead to higher plasma density. When an

oxide layer is present at the surface of the cathode or hollow cathode, its current is

increased. As soon as the majority of the oxide layer is etched or sputtered by the ion

bombardment, the cathode current will decrease to its stable value.

To summarize, the hypothesis used here to explain the higher cathode current at

the beginning of the conditioning is the creation of an oxide layer (not necessary silicon

oxide) on the cathode surface, which leads to a higher secondary electron emission and

thus a higher plasma density and cathode current.

The number of pulses is controlled by the dosimetry system, which measures the

ion current (Iion). Higher plasma density leads to a reduction in the number of pulses

needed to reach the requested dose. In fact, the number of pulses needed to achieve the

target dose decreases at the beginning of the conditioning. This seems to confirm the

previous hypothesis. It should also be noted that similar observations (higher current and

lower number of pulses) can be made when a wafer with a thick oxide is used.

A detailed analysis of the mass spectrometric and Langmuir probe data collected

during the conditioning step has helped to understand the plasma-surface interaction

during the exposure to the atmosphere and confirmed the hypothesis of an oxide layer

formation during the exposure to the atmosphere.

Fig. 138 shows the evolution of the various etching products present during the

conditioning step and detected by mass spectrometric measurements. The etching
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products are ionized in the gas phase and implanted on the wafer after acceleration across

the sheath.

Figure 138: Evolution of the etching product fluxes, normalized to the total ion flux during the
conditioning step with a 300 V, 30 mTorr, HC BF3 plasma, (a) fraction of hydrogen, oxygen and carbon

products, (b) fraction of boron oxide products, (c) fraction of silicon, silicon fluoride and fluorine
products

At the start of the conditioning, molecules such as H2O or CO2 present inside the

chamber after the exposure to the atmosphere are ionized in the plasma into O+, OH+,

H2O
+ or CO2

+ and are implanted into the wafer (see Fig. 138a). The fraction of these ions

(a) (b)

(c)
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measured by the mass spectrometer is slowly reduced to zero during the conditioning step.

This indicates that H2O and CO2 concentrations in the gas phase are slowly reduced.

Boron oxide ions (BO+, BO2
+ and B2O3

+) are also detected during the first step of

conditioning. They also disappear after 140 minutes of plasma exposure. It should also be

noted that when new hardware parts are installed inside the process chamber, the boron

oxide ions are not detected. The new parts are composed of spray-coated silicon and a

clean silicon oxide layer is thus present on the surface of the new part. The absence of

boron oxide ions with new hardware seems to indicate that the boron oxide ions come

from the etching of a boron oxide layer created during the air exposure, and not from the

reaction of BF3 with silicon oxide or with molecules such as H2O and CO2. Once the

boron oxide ions have disappeared from the mass spectrometry data, one can conclude

that the boron oxide layer has been eliminated from the surface of the cathode.

Fig. 138c shows the evolution of the different silicon ions as a function of the

conditioning time. Si+, SiF+ and SiF2
+ are the main silicon ions detected through mass

spectrometry measurements and result from plasma etching of silicon. At the beginning

of conditioning, these three ions represent up to 23% of the total ion flux. This fraction is

constant during the first 100 minutes of conditioning, then suddenly drops down to 2% of

the total ion flux. This coincides with the disappearance of the boron oxide ions. A boron

oxide silicon layer is created during the exposure to the atmosphere. This layer is

removed by reactive ion etching (RIE) combining fluorine chemical etching and ion

bombardment. This process is quite long due to the roughness of the cathode surface. As

the wafers are regularly replaced by new wafers (with a native oxide layer) during the

conditioning, the silicon etching products are mainly coming from the cathode shield ring

(surrounding the wafer) and not from the wafer itself.

To fully validate the previous hypothesis, experiments using the Langmuir probe

were also performed to estimate the variation of plasma density at the beginning and end

of the conditioning step. The Langmuir probe data are presented in Fig. 139. The pulse-

on period electron density is twice as high at the beginning of conditioning than at the
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end. It decreases from 39 /109.7 cmelectrons to 39 /108.3 cmelectrons (densities

measured at the end of the pulse). The higher electron density measured at the beginning

of conditioning indicates a higher plasma density and seems to confirm the hypothesis of

higher ionization by the secondary electrons emitted from the cathode and accelerated by

the high-voltage sheath.
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Figure 139: Evolution of the electron density measured with a Langmuir probe during the pulse-on
period of a 300 V, 30 mTorr, hollow cathode BF3 plasma at the beginning and at the end of the

conditioning step

To summarize, when the chamber is exposed to atmosphere during maintenance, an

oxidation of the spray-coated silicon cathode which had previously been implanted with

boron ions, occurs and leads to the formation of a boron oxide silicon surface layer on the

cathode. This layer presents a higher secondary electron emission yield than that of a

well-conditioned hardware, which leads to higher plasma density. This layer is removed

slowly by reactive ion etching. This process is quite long, due to the roughness of the

cathode surface. As soon as all the silicon and boron oxide are etched, the process

reaches a stable state and the chamber is well-conditioned.

When the chamber is exposed to the atmosphere, all its surfaces are exposed to the

air and the boron silicon oxide layer is thus formed throughout the chamber. In the case

of the cathode, the layer can be removed thanks to the RIE process. However in the case

of the anode, the RIE rate is expected to be low due to the low ion energy at the anode.
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The boron oxide material is known to be an insulator and the boron silicon oxide is

suspected of being an insulating layer. The presence of insulating materials implies that

there is no mass reference inside the chamber. This could explain why there is a plasma

potential shift toward negative values each time the chamber was exposed to air. After

each maintenance and conditioning, the plasma potential is shifted toward lower values

due to the insulating layer on the anode. A negative Vp shift up to -35 eV, was observed

after many maintenance cycles of the process chamber. As the acceleration inside the

sheath is defined by  cathodep VV  , the maximum energy of the ions accelerated inside

the cathode sheath is thus reduced when an insulating layer is present on the anode, as

can be see in Fig. 140. The impact of this Vp shift is minor in the case of high-energy

implantation (10-1 kV). However, in the case of low-energy implantation, such shift to

lower values can introduce some disturbances to the process repeatability each time the

chamber is vented.
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Figure 140: Normalized BF2
+ ion energy distribution in the case of a clean hardware, and a dirty

hardware, after many chamber maintenances and conditioning steps during a 500V, 30 mTorr, 50s
BF3 glow discharge with hollow cathode biased at –1500 V

Positive Vp values are recovered only when the hardware inside the chamber is

renewed. The insulating layer can be removed by ion bombardment (RIE) when the

pulsed-anode mode is used. The plasma potential then returns to its original value.
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Conditioning optimization

The mass spectrometer and Langmuir probe measurements have confirmed that

an insulating layer is formed on the cathode and anode, which had been previously

exposed to BF3 chemistry, when the process chamber is exposed to air. The presence of

the boron silicon oxide layer induces a higher secondary electron emission yield leading

to a higher plasma density and thus a lower number of pulses needed to reach the target

dose. Once the entire insulating layer on the cathode is etched away, a stable process is

reached. Based on this study, the hardware material of the process chamber was modified.

A different material roughness for the cathode and anode, as well as the use of the pulsed

anode during the conditioning step has reduced the step to 30 minutes. This work also

shows the importance of the Faraday cup when it comes to adjusting the number of

pulses once the plasma density changes, due to the use of different types of substrate.

Plasma and Rs uniformity

Uniform implantation across the entire wafer is required in order to have a good

device yield. The plasma uniformity is in turn very important to obtain a uniform plasma

implant. In this section, radial plasma uniformity measured by Langmuir probe for

different pressures will be presented during a 1 kV BF3 glow discharge. The plasma

uniformity will be correlated with wafer results such as sheet resistance (Rs)

measurements. The observations and conclusions made for the 1 kV case are also valid

for the 750 V and 500 V cases.

In the case of a DC glow discharge, the electron and ion densities should

increase when the pressure is raised [Chapman 1980]. As expected, the plasma density

measured in the center of the wafer by the Langmuir probe increases from 9108.2  to

9106.6  ions or electrons per cubic centimeter, when the pressure is raised from 40 to 70

mTorr during a 1 kV BF3 glow discharge (see Fig. 141a).
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Figure 141: (a) Ion and electron densities measured at the center of the wafer, (b) fast electron
temperature and density measured by the Langmuir probe during the pulse-on period, as a function of

pressures ranging from 40 to 70 mTorr for a 1 kV 50s BF3 glow discharge

It should also be noted that the densities of fast electrons also increase when the

pressure is raised; they follow the same trend as the electron density that can be seen in

Fig. 141b. As the electron mean free path is reduced when the pressure is raised from 40

to 70 mTorr, the probability of collisions for the fast electrons increases, and the average

temperature of the fast electrons thus fall from 13.5 eV to 8.9 eV.

Fig. 142a shows the plasma potential radial distributions for different BF3 gas

discharge pressures during a 1kV, 50s PLAD implantation.
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Figure 142: Plasma potential (a) and electron density (b) radial distributions for different pressures (40,
50, 60 and 70 mTorr), during a 1kV, BF3 PLAD implantation
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Under all the conditions, the plasma potential is uniform in the center of the

discharge up to the annular Faraday cup, which is located 2.5 cm away from the wafer

edge. However, the plasma potential (Vp) drops near the edge of the cathode shield ring.

Some small uniformity distortions can be observed in the case of lower pressures. A

pressure increase leads to a plasma density increase and in turn a reduction in the plasma

potential.

The radial electron density distributions for different process chamber pressures

are presented in Fig. 142b. As expected, higher pressure leads to higher electron density.

Under all the conditions, the electron density is uniform above the wafer. Some

uniformity distortions can be observed on the radial distributions above the shield ring.

These distortions are more significant at higher discharge pressures. It should be noted

that the shield ring materials used here were different from those of the silicon wafer.

Under the original PLAD configuration, the shield ring that surrounds the wafer was

made of aluminum and spray-coated with silicon. The roughness of the spray-coated

silicon increases the effective shield ring surface, which creates locally higher secondary

electron emissions, as well as higher ionization efficiency. In the case of lower pressures,

the electrons created through ionization by the electron emitted from the shield ring

diffuse faster than under high pressures, and the electron density thus becomes uniform.

When the pressure is increased, the electron mean free path is reduced, higher non-

uniformity and a maximum of plasma density can be observed above the shield ring near

the edge of the silicon wafer. The maximum electron density is measured near the

annular Faraday cup. When the same silicon spray-coated material is used on both the

wafer and the shield ring, uniformity distortions are not observed.

The ion density radial distributions under the same conditions are presented in

Fig. 143. As expected, the shape of the radial ion density is similar to the one for the

electron density. As the dose is controlled by the Faraday cup, where the plasma density

reaches its maximum, a lower implanted boron dose is expected in the center of the wafer

when it comes to higher pressures. In the case of 60 mTorr, a degradation of the

implantation uniformity is observed. With 3.9 % of non-uniformity, the higher Rs value

in the center of the wafer indicates a lower implanted boron dose and is in good
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agreement with the ion density radial distribution measurements (see Fig. 143). As

expected by the ion density, the sheet resistance map becomes uniform for the 40 mTorr

implantation, with only 1.2 % of non-uniformity. Based on Fig. 143, less boron dopants

should be implanted in the center of the wafer in the 60 mTorr case if compared with the

40 mTorr case. This is confirmed by the average 60 mTorr Rs value, which is higher than

in the case of 40 mTorr.

Figure 143: Ion density radial distributions for different pressures (40, 50, 60 and 70 mTorr), during a
1kV, BF3 PLAD implantation

In conclusion, radial measurements of the plasma parameters can provide a good

indication of the plasma uniformity and a good understanding of the sheet resistance

uniformity after dopant activation. These measurements can also be used to estimate the

error in dose expected after implantation. The selection of the material used on the

surrounding shield ring is thus critical so as to obtain a uniform plasma. The spray-coated

silicon shield ring was replaced by a bulk silicon shield ring, which is made of the same

material as the wafer. The new silicon shield ring provides a larger operating window for

controlling the implant uniformity.
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Plasma etching

During a BF3 plasma doping implantation, the silicon wafer is exposed to fluorine

chemistry plasma, the etching of the wafer needs to be minimized in order to maintain

device integrity. Lenoble has demonstrated that after a BF3 plasma doping implantation

into a patterned photoresist silicon wafer (at 600 V with a 3×1015 ions/cm2 and 5 kV

1×1016 ion/cm2), the photoresist pattern is not affected by the BF3 plasma exposure and

the silicon wafer surface presents the same roughness (measured by atomic force

microscopy) as a non implanted wafer [Lenoble 2000]. Due to the pulsed nature of the

discharge, the etching of the substrate is thus minimized. Lower plasma duty cycle can

further minimize the silicon etching from the cathode shield ring or hollow cathode.

As the residence time of the molecules and radicals is dependant on the gas flow

inside the chamber as well as the pumping speed, the gas flow is an important process

parameter. The typical gas flow value used during a BF3 glow discharge is between 3 and

5sccm. The effects of the gas flow on the energy distribution of the ions reaching the

cathode are explored in this section.
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Figure 144: B+, BF+, BF2
+ and BF3

+ IEDs normalized to the total boron ion flux for different gas flows
(3, 6, 12, and 24sccm) during a 30 mTorr, 50s, 2500Hz BF3 glow discharge for a hollow cathode

plasma (1400V), with a cathode bias of 500V
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Fig. 144 shows the B+, BF+, BF2
+ and BF3

+ IEDs normalized to the total flux of

boron ions reaching the cathode for a 500 V, 30 mTorr hollow cathode plasma during

BF3 glow discharge. Identical IEDs can be observed for all the different gas flows studied.

Figure 145: Boron ion fractions based on the flux of boron ions normalized to the total flux of boron
ions measured for different gas flows during the pulse-on period for a 30 mTorr BF3 glow discharge

hollow cathode plasma (1400V) with a cathode bias of 500V

The abundances of all boron ions measured for different gas flows are presented in

Fig. 145. The boron ion fractions remain constant when the gas flow is increased.

Figure 146: SiF+ ion fraction based on the SiF+ ion flux normalized to the total ion flux measured for
different gas flows during the pulse-on period for a 30 mTorr BF3 glow discharge hollow cathode

plasma (1400V), with a cathode bias of 500V

The etching of silicon will generate some SiF4 molecules, which will be desorbed

from the silicon surface. These neutral molecules can then be ionized in the gas phase to
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create SiF+, SiF2
+ and SiF3

+. Only a minor fraction (typically below 1% of the total ion

flux reaching the cathode under all the conditions used) of these ions can be detected on

the cathode side. As expected, higher gas flows lead to a lower residence time for the

etching species inside the process chamber and a lower fraction of SiF+ (see Fig. 146).

In conclusion, changing the gas flow does not have an impact on the shape of the

different boron IED reaching the cathode, but it reduces the residence time of the etching

product inside the process chamber. The probability of ionization and implantation of the

etching products is thus reduced.

Conclusion

In this section, a detailed study of the conditioning step following chamber

maintenance was presented. Based on these experiments, the chamber hardware was

modified to minimize the conditioning time necessary to obtain a stable process.

Measurements of plasma uniformity has lead to a better understanding of the sheet

resistance uniformity after plasma based ion implantation and the material of the cathode

shield ring was replaced with same material as the wafer. When higher gas flow is used,

the residence time of the etching product is strongly reduced and their implantation after

ionization is thus reduced.
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V.2 Depth profile simulation

For traditional beamline implantation, the incident ion mass and energy are well

known parameters, and simulation programs are available to predict the implant profiles.

For plasma-based ion implantation, all ionized species present in the plasma are extracted

and implanted by applying negative voltage pulses to the wafer. Therefore, predicting an

implant profile is more complicated, since one needs to know the relative abundance of

the ion species, as well as their energy distribution (IED) prior to entering the wafer

surface.

In this work, the plasma implant profile will be constructed using the profiles

calculated at different energies, with their contributions proportional to the relative

amount of ions at these energies. The information that is essential for calculating a profile

is the ion mass and energy distribution, which are measured in-situ in the center of the

wafer using an ion-mass and energy spectrometer. A computer simulation package was

used to predict dopant profiles for all species and energies allowed by the PLAD voltage.

The calculations are detailed below.

Principle

As soon as the voltage pulse is applied, a dynamic process starts in the discharge

chamber, during which the neutrals and charged particles adjust their quantity, position

and energy until a steady state is reached. Characterizing this dynamic process is difficult

[Radovanov 2005]. One concern associated with the pulse rise and fall times is that they

may affect the ion mass and energy distribution, thus changing the implant profile. This

concern was ruled out in early studies of low-energy BF3 PLAD implantation, as boron

SIMS profiles showed no difference for various pulse-on widths (20 to 60 s) [Lenoble

2000] with constant rise and decay times. The IEDs change during the rise and fall times

of the pulse-on but the ion density and energy are much lower than during the flat part of

the pulse and contribution to the dopant profile is low. In Fig. 79, the time evolution for

the different ion fluxes measured with the mass spectrometer during the PLAD pulse are
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reported. During the first 15 s of the pulse-on, the sheath expands and the relative ion

flux increases. After 15 s, the relative total ion flux stabilizes and the IEDs of the

different ions remain the same. During the decay, the total ion flux decreases as the

sheath collapses. This observation allows us to improve the statistics of the EQP system

by employing a wide TTL gate pulse, starting at 20 s after the beginning of the pulse

and ending at 50 s. Only the constant portion of the pulse will thus be used to calculate

the dopant depth profile. The rise and fall of the voltage pulse will not be included in the

measurement and calculation, as they do not contain any critical information for implant

profile calculation.

The measured IEDs for all the boron and fluorine ions implanted into the wafer

were used as inputs [Walther 2006b] into implant-simulation software. 500V, 100 mTorr,

BF3 plasma IEDs are used here (Fig. 147) as an example.
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Figure 147: B+, BF+, BF2
+, and BF3

+ IEDs, normalized to the total flux of boron ions for 500 V, 100
mTorr, BF3 plasma

The Stopping and Range of Ions in Matter (SRIM) software [Ziegler 1996] (see

section {I.2.2.2}) was used to simulate and predict implant profiles, to which the SIMS

results were compared. Since SRIM only accepts atomic ions, the BFx
+ (x=1,2,3) IEDs

are normalized to the total ion flux and are converted into equivalent boron IED (B+
eq)

and equivalent fluorine IED (F+
eq) by using the following formulas for each energy:
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The results from the conversion of the ion energy distributions into boron

equivalent energies are shown in Fig. 148 for each boron containing ion. The boron

equivalent energy for each ion can then be used separately to estimate the impact of each

ion on the final profile. They can also be combined together to give the total boron

equivalent energy ( 
eqtotB ) by using the following formula:
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Figure 148: Calculated boron equivalent energy for each boron ion, normalized to the total flux of
boron ions based on 500 V 100 mTorr IEDs of the ions reaching the wafer

Fig. 149 shows the equivalent boron and fluorine IEDs under the previously

described discharge conditions. As expected, the main part of the boron and fluorine

equivalent ion energies are below 250 eV.
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Figure 149: Boron and fluorine equivalent energy based on the 500V 100mTorr IED of the ions
reaching the wafer

The equivalent boron and fluorine energies are partitioned into energy bins with

10eV increments. Each energy bin defines an ion dose fraction of the total flux of the

boron ions coming onto the wafer. The average energy of each bin is used as the input

energy for the SRIM simulation. All the output depth profiles from SRIM are then added

up to represent the predicted depth profile, based on the IEDs of all the ions striking the

wafer. A simulation of a beamline B+ implanted at 1 keV was performed at various

angles and the results are presented in Fig. 150.

Figure 150: SRIM simulations of a 1keV B+ implantation with different incident angles

Simulations for non-normal ion incident angles have also been performed and it

should be noted that for angles below 15o, only minor differences can be observed on the
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simulated profiles. In the following sections, only normal incident ions to the silicon

surface will be considered.

Results and comparison

The predicted boron and fluorine profiles were calculated using the protocol

described above and were then scaled up to the SIMS measured dose. A comparison

between the predicted profile and the experimental boron and fluorine SIMS profiles is

shown in Fig. 151.
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Figure 151: Boron and Fluorine predicted depth profiles, based on the measured ion mass and energy
distributions for crystalline and pre-amorphized silicon wafer (PAI), compared with the measured SIMS

depth profile for the same implant conditions (500V 100mTorr BF3 PLAD)

When a crystalline wafer is used, a good correlation is obtained between the

simulation and the experimental SIMS profiles of both elements in the shallower part of

the profile, but the measured profile is deeper than the predicted one. In the boron and

fluorine SIMS profiles, a typical channeling tail (see section I.2.2.3) inside the crystalline
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wafer can be observed. This is not reflected in the predicted profiles, because SRIM

simulation assumes amorphous target. This channeling tail, obtained at 0.5 kV with a

crystalline silicon wafer, confirms that the majority of the ions are reaching the wafer

with a small angle (lower than 15o). When a pre-amorphized substrate (PAI) is used,

there is no channeling tail and the predicted boron profile then also matches the deeper

part of the measured SIMS profile for the 0.5 kV case (see “B SIMS PAI” curve on Fig.

151).

0 50 100 150
10

15

10
16

10
17

10
18

10
19

10
20

10
21

10
22

B
C

o
n

c
e

n
tr

a
ti

o
n

(a
t/

c
m

3
)

Depth (Angstroms)

B
+

eq

B
+

BF
+

BF
2

+

BF
3

+

(a)

0 50 100 150
10

15

10
16

10
17

10
18

10
19

10
20

10
21

10
22

B
C

o
n

c
e

n
tr

a
ti

o
n

(a
t/

c
m

3
)

Depth (Angstroms)

B Predicted
500eV < E < 400eV

400eV < E < 300eV
300eV < E < 200eV
200eV < E < 100eV
100eV < E < 000eV

(b)

Figure 152: (a) Contribution of each ion reaching the wafer (B+, BF+, BF2
+ and BF3

+) onto the boron
depth profile, (b) Contribution of each energy bin (0 to 100eV, 100 to 200eV, 200 to 300eV, 300 to

400eVand 400 to 500eV) equivalent boron energy onto the boron depth profile

By doing the simulation for each ion separately for the 0.5 kV 100 mTorr PLAD,

the particularities of a PLAD dopant profile (surface peak and very shallow profile) can

be explained. Fig. 152a shows the role of each ion species reaching the wafer: B+ defines

the depth of the implant, BF+ and BF2
+ are the main contributors to the surface dose, and

BF3
+ does not have any significant impact on the SIMS profile. Moreover, ions with

equivalent energies between 0 to 100 eV are the main contributors to the dose. Under this
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experimental condition, the surface peak of the PLAD SIMS profile represents about

50 % of the total dose (see Fig. 152b). Finally, the higher energy ions are found to define

the final dopant depth.

Validation

In order to be more confident in the depth profile simulation, different plasma

conditions, such as a higher cathode voltage and collisional or collision-less sheaths were

used to compared the experimental data with prediction.

Mass transmission inside the mass spectrometer

In section {III.1.5.4}, the experimental mass transmission inside the mass

spectrometer was compared to the theoretical transmission of the quadrupole and the

channeltron. It was concluded that the experimental transmission does not follow the one

provided by the mass spectrometer supplier, but was mostly constant for a range of ion

masses studied here (11 to 68 amu). In order to confirm that the mass transmission does

not follow a
m

1 law, the IED was corrected through the transmission factor and then

used as the input for the TRIM calculation to predict the boron depth profile. The new

IEDs of the 500V 100mTorr BF3 glow discharge are presented in Fig. 153a.

The B+ and BF+ fractions are reduced in the case of a
m

1 .transmission. The

results of the simulation are presented in Fig. 153b. If a transmission factor of
m

1 is

used to correct the IED for the mass transmission inside the mass spectrometer, the

predicted profile does not match at all the measured SIMS profile. This confirms that the

mass transmission inside the mass spectrometer does not follow a
m

1 law, and the IED

must not be corrected but be used as measured.
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Figure 153: (a) B+, BF+, BF2
+, and BF3

+ corrected IEDs normalized to the total flux of boron ions for
500 V, 100 mTorr, BF3 plasma, (b) Boron predicted depth profile based on the measured IEDs, not

corrected and corrected by a mass transmission in m-1 for crystalline and pre-amorphized silicon wafer
(PAI), compared to the measured SIMS depth profile for the same implant conditions (500V 100mTorr

BF3 PLAD)

The next section will show that in many different cases, the measured SIMS

profiles always match satisfactorily the predicted profiles.

Higher implantation energy

The boron molecular IED for a 1 kV 70 mTorr BF3 plasma is shown in Fig. 154

(a) and used as an input for the calculation of the predicted boron profile.
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Figure 154: (a) B+, BF+, BF2
+, and BF3

+ IEDs, normalized to the total flux of boron ions for 1kV, 40
mTorr, BF3 plasma, (b) Boron predicted depth profile based on the measured IEDs for crystalline silicon

wafer, compared to the measured SIMS depth profile for the same implant conditions (1kV 40 mTorr
BF3 PLAD)
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Even at higher implantation energies, a good match is obtained between the SIMS

profile and the predicted profile. The channeling tail can again be observed in the case of

a 1 kV BF3 implantation.

Collisional and collision-less sheath

As discussed previously {IV.2.3.1.d}, when the hollow cathode is used, the

plasma density can be modified while keeping the same mean free path. Two different

plasma regimes can thus be obtained. In high density plasma, the discharge is operated in

a collision-less sheath regime, and the majority of the ions extracted from the plasma

reach the wafer with the full range of energy. The BF2
+ IED peaks at high energy as can

be seen in Fig. 155a.

In contrast, when it comes to low-density plasma, the discharge is operated in a

collisional sheath regime, and the majority of the ions reach the cathode with lower

energies than the voltage drop between the sheath edge and the cathode. As can be seen

in Fig. 155b, the shape of the IED is very broad, with a BF2
+ maximum intensity at very

low energies.
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Figure 155: B+, BF+, BF2
+, and BF3

+ IEDs, normalized to the total ion flux of a 500V, 30 mTorr, BF3

hollow cathode plasma for a collisional sheath and a collision-less sheath

These two different cases were used as an input for the boron profile calculation.

SIMS measurements were performed after PLAD implantation under the same conditions.
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The SIMS profiles were then compared to the predicted boron profile as illustrated in Fig.

156.

Figure 156: Boron predicted depth profile, based on the measured IED for crystalline silicon wafer,
compared to the measured SIMS depth profile (500V 30 mTorr BF3 PLAD) in the case of collisional and

collision-less sheath

In both cases, the predicted profiles perfectly match the boron SIMS profiles very,

even near the silicon surface.

Dopant profile prediction: Conclusion

To summarize, in-situ mass and ion energy distribution data was collected with an

ion mass and energy spectrometer, which was installed in the middle of the cathode.

Based on the spectrometer data, a series of SRIM simulations were performed to

calculate the boron and fluorine dopant depth profiles. The calculated profiles will match

the ones measured through secondary ion mass spectrometry for many different plasma

conditions (cathode voltage, collisional sheath, collision-less sheath…). It was also

confirmed that the mass transmission inside the mass spectrometer does not follow a
m

1

law, the transmission function provided by the mass spectrometer supplier. When the

IEDs are used without correction for the mass transmission, a good match to the SIMS

profile is obtained. The predicted profiles also provide some additional explanations for

the surface-peaked SIMS profile that is unique to plasma doping, and illustrate the role of

(a) (b)
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each ion. This knowledge will be useful to control and optimize implant profiles and

dopant activation.

As with traditional ion implantation, the implant profile can now be predicted

based on the ion energy distributions measured in the high–voltage sheath. This method

can thus be used to optimize the as-implanted dopant profile for the junction engineering,

by changing the plasma parameters and by understanding the sheath dynamics without

using costly SIMS analysis. The other big advantage is that the dopant profile can be

obtained instantaneously.

The dopant profile prediction method will be used in the following section, so as

to optimize the plasma parameters and obtain shallower junctions.
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V.3 Control of the dopant depth profile

In this section, a detailed BF3 plasma characterization and dopant depth profile

modeling will be used to tune the plasma and to optimize the process and the dopant

depth profile. Three different approaches can be used to control the dopant depth profile.

The first one consists of changing the energy of incident ion reaching the cathode by

reducing the cathode voltage with or without the hollow cathode. The second one consists

of increasing the number of collisions inside the sheath, and thus decreasing the ion mean

energy. This can be accomplished by using higher discharge pressures or using a dilution

gas, such as neon. The last approach consists of operating the discharge in a collision-less

regime, with a minimized fraction of light ions. These three different ways to obtain

shallower dopant depth profile after plasma-based ion implantation will be presented in

the next section.

Cathode voltage

The effects of the cathode voltage on the ion energy distribution and the predicted

boron dopant depth profile in a diode (anode and cathode) and triode (hollow cathode,

anode and cathode) configuration are explored in this section.

Diode configuration: without hollow cathode

As discussed previously, in the diode configuration when the hollow cathode is

unused, the discharge cannot be operated at energies below 450V due to Paschen curve

limitations. In order to operate the discharge at lower cathode voltages, higher process

pressures are required. The B+, BF+, BF2
+ and BF3

+ IEDs normalized to the total flux of

boron ions as a function of the energy divided by the cathode voltage (eVc) in the diode

configuration, are presented in Fig. 157 for different cathode voltages (1000, 750 and

500V).
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Figure 157: B+, BF+, BF2
+ and BF3

+ IEDs normalized to the total flux of the boron ions as a function of
the normalized energy ( / eVc), for different cathode voltages, BF3 glow discharge (1000 V 40 mTorr,

750 V 60 mTorr and 500 V 100 mTorr)

Between 1000 V and 750 V, only minor variations are observed. When the cathode

voltage is reduced further (500 V), higher pressure is needed to ignite the plasma and the

number of collisions is thus increased. Under such conditions, the mean energy of each

ion is also reduced, and the shape of IEDs is strongly modified.

Figure 158: Boron ion fractions normalized to the total boron ion flux and measured for different
cathode bias voltages (1000 V 40 mTorr, 750 V 60 mTorr and 500 V 100 mTorr), during the pulse-on

period BF3 glow discharge, as measured (a) in the bulk plasma and (b) in the high-voltage sheath
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The fractions of boron ions, normalized to the total flux of boron ions measured

during the pulse-on in the bulk plasma and in the high-voltage sheath, are presented in

Fig. 158 (a) and (b), respectively. As the electron energy is reduced for higher pressure,

the B+ and BF+ fractions from the bulk decrease to almost zero percent of the total flux of

boron ions when the cathode voltage is reduced. In contrast, the fraction of B2F3
+ ions

slightly increases, while the B2F5
+ fraction decreases.

During the high-voltage acceleration, the ions are subject to collisions by charge

exchange or dissociation inside the sheath, as was demonstrated in section {IV.2.5}. As

the sheath becomes more collisional once the cathode bias is reduced, the fraction of B+

and BF+ increases and is thus significantly higher than in the bulk plasma. As usual, no

heavy ions are detected in the high-voltage sheath. As the number of collisions inside the

sheath only slightly increases from 4.4 to 4.9, only minor changes in the fraction of boron

ions for the 750 V, 60 mTorr and 1000 V, 40 mTorr conditions are observed.
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Figure 159: Boron predicted profile, based on the measured IEDs for different cathode biases and
pressures (1000 V and 40 mTorr, 750 V and 60 mTorr and 500 V and 100 mTorr) during the pulse-on

period BF3 glow discharge measured in the high-voltage sheath for 1015 B ion/cm3

The boron predicted profile, based on the measured IEDs normalized to 1015

ion/cm2 boron dose is presented in Fig. 159 for three different cathode voltages. As

expected, the dopant depth profile decreases when the cathode is reduced from 1000 V to

500 V. Unfortunately, the fractions of B+ and BF+ remain quite high, and the profiles are
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deeper than expected if only BF2
+ was implanted. The challenges in obtaining shallower

junctions with a constant cathode bias will be described in section V.3.2 and V.3.3.

Triode configuration: hollow cathode mode

The hollow cathode allows for the discharge to be operated at constant pressure for

different cathode biases with an almost constant bulk plasma density (see section II.2.2.a).

The ion energy distribution for the different boron ions, with a constant hollow cathode

plasma and for different cathode bias voltages in a BF3 glow discharge, are presented in

Fig. 105, 106 and 107 of section {IV.2.5}. Fig. 160 is a summary of all the IEDs for the

main boron ions, as measured inside the high voltage sheath.
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Figure 160: B+, BF+, BF2
+ and BF3

+ IEDs normalized to their maximum intensity as a function of the
energy normalized to the cathode voltage, for different cathode voltages in a 30 mTorr, 2500 Hz, 50 s,
BF3 glow discharge (50, 100, 300, 500, 750 and 1000V), with a constant hollow cathode bias at -1500 V
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The IEDs were normalized to their maximum of intensity and plotted as a function

of the normalized energy for the different cathode bias voltages (50, 100, 300, 500, 750

and 1000 V), with a constant hollow cathode plasma operated at 1500 V and 30 mTorr.

B+, BF2
+ and BF3

+ IEDs are characteristic of collision-less discharge for 50, 100

and 300 V. The shape of the IEDs starts to be affected by collisions inside the sheath at

500 V. The dominant ion, BF2
+ starts to be affected by collisions for cathode biases

above 300 V; a two-peak distribution can then be observed at higher cathode voltages,

with an energetic peak at full acceleration and a peak at a lower energy. The low-energy

peak increases when the cathode voltage is raised, which indicates that the sheath

becomes collisional for the BF2
+ ion population. The B+ IED follows the same trend as

the BF2
+ IED and presents a bimodal distribution above 300 V.

In the case of BF+, a two peak distribution can be observed, even at a cathode bias

of 50 V or 100 V. For a cathode bias higher than 300V, a tri-peak distribution can be

observed on the IED. The IED shapes have been explained in details in Chapter IV. In the

case of the BF3
+ IED, the collisional sheath regime also appears for cathode biases above

300 V

The calculation of the number of collisions inside the sheath shows that at low

cathode bias, the sheath is not collisional for BF2
+ and becomes collisional only above

300 V (see Fig. 161a). For higher cathode biases the sheath becomes collisional for the

BF2
+ ion population.

Figure 161: (a) Number of collisions and (b) boron ion fractions normalized to the total boron ion flux
measured for different cathode biases (50, 100, 300, 500, 750 and 1000V) during the pulse-on period of a
30 mTorr BF3 glow discharge in the high-voltage sheath, with a constant hollow cathode bias at -1500V

(b)
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As previously discussed (see Chapter IV), when the number of collisions increases,

the fractions of B+ and BF+ also rise, while the fractions of heavier ions almost totally

disappear for cathode biases above 300 V (see Fig. 161b).
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Figure 162: Boron predicted profiles based on the measured IEDs for different cathode biases (50, 100,
300, 500, 750 and 1000V) during the pulse-on period of a 30 mTorr hollow cathode BF3 glow discharge

measured in the high-voltage sheath for 1015 B ion/cm3

The boron predicted profiles, calculated using the previous ion energy distributions

for different cathode biases with a constant hollow cathode voltage, is normalized to a

total boron dose of 1015 ions/cm2 and presented in Fig. 162. As expected, the dopant

depth decreases with lower high-voltage acceleration. The use of the hollow cathode can

thus provide very shallow junctions. With an appropriate activation of the dopant (Flash

anneal for example), the junction depth needed to meet the ITRS can be achieved (9 nm

for 2006). However, the difficulties that come to achieve the needed dose and match the

Rs and Xj target values, may be an issue with such low-energy implantation. The

optimization of higher energies, such as 500 V, may thus be a better approach. An

optimized 500V BF3 discharge plasma-based ion implantation (B+ fraction minimized)

will give very shallow junction with higher dopant concentration implanted under the

solid solubility limit.

High pressure to increase the number of collisions
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The second approach consists of increasing the number of collisions inside the

sheath, and thus decreasing the mean energy by using higher discharge pressures or using

a dilution gas, such as neon. Three different cases are presented in this section. The first

case studied here is a 1 kV BF3 glow discharge with pressures ranging from 30 to 70

mTorr. The second case involves a 750 V BF3 glow discharge with pressures ranging

from 40 to 60 mTorr and the last case covers a 500 V BF3 glow discharge with pressures

ranging from 75 to 250 mTorr.

Figure 163: Ratio of sheath thickness over ion mean free path, as a function of the pressures for
different cathode voltages (1000 V, 30 to 70 mTorr; 750 V, 40 to 60 mTorr and 500 V, 75 to 250 mTorr)

Fig. 163 shows the number of collisions inside the sheath, as calculated for the

different cathode voltages and various gas pressures. When the cathode bias voltage is at

1000 V, the discharge pressure is limited by the Paschen curve (see section {II.2.2.1}) to

a range of 30 to 70 mTorr. For this pressure range, the number of collisions (


s ) inside

the sheath calculated using formula {IV.2.12} for collisional sheath remains constant

around 4 collisions. The decrease of the mean free path at higher pressures is

compensated by the decrease of the sheath thickness, which is due to the plasma density

increase at higher pressures. Consequently, minor changes in the shape of the IED are

expected. The same conclusion holds true for the 750 V case. When a lower bias voltage

is used (500 V), the discharge can be operated under a large range of pressures, from 75

to 250 mTorr. Within this pressure range, the number of collisions increases from 6.9 to

10.3. Significant changes on the IED can thus be expected.
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The ion mass and energy distributions of a 1 kV BF3 plasma under three different

pressures are presented in Fig. 164.
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Figure 164: B+, BF+, BF2
+ and BF3

+ IEDs normalized to the total flux of the boron ions for a 1kV BF3

plasma under three different pressures: 30, 50, 70mTorr

As expected with the number of collisions, the pressure changes do not

significantly affect the shape of the IED, except for the BF3
+ ion. In all the other cases,

the BF3
+ fraction remains very low (less than 2 %). BF3

+ has a smaller energy spread, and

the peak of the distribution is in a thermal range. BF2
+ is the most abundant ion implanted

into the wafer, with more than 60 % of the total boron ion flux composed of B+, BF+,

BF2
+, and BF3

+. Only a few ions (<1 %) from the boron ion flux are able to reach the

wafer with full energy (1000 eV). The majority of the ions strike the cathode with an

energy below 500 eV.

The pressure needs to be significantly increased to influence the shape of the ion

energy distribution and to reduce the ion mean energy. Indeed, there are no differences
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between the boron SIMS profiles measured on crystalline wafer during a 1 kV

implantation for pressures ranging from 30 to 70 mTorr (see Fig. 165). The SIMS profiles

also match with the profiles predicted with the mass spectrometric measurements well.

Similar observations can be made for the 750 V condition under the pressure range

studied here.
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Figure 165: Boron predicted depth profile based on the measured ion mass and energy distribution,
compared with the measured SIMS depth profile for the same implant conditions (1kV 30 to

70mTorr, 2500 Hz, 50 s BF3 PLAD

The normalized IEDs for a 0.5 kV BF3 discharge (100 to 250 mTorr) are shown in

Fig. 166. The ion energy distributions of the boron ions are strongly affected by the large

rise in pressure. The maximum energies of B+, BF+ and BF2
+ decreases significantly

when the pressure is raised from 100 to 250 mTorr. Compared to the 1 kV case, the

number of collisions inside the sheath increases significantly. Only a few ions (<0.1 %)

from the boron ion flux are able to reach the wafer with full energy (500 eV). The

majority of these ions (91 %) strike the cathode with an energy below 250 eV. The ion

energy and the lighter ion fraction slightly decrease with the pressure, which should

provide shallower dopant depth profiles, as confirmed by previous experiments [Lenoble

2000].
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Figure 166: B+, BF+, BF2
+ and BF3

+ IEDs normalized to the total ion flux for a 500 V BF3 plasma under
four different pressures: 100, 150, 200, 250mTorr

Fig. 166 confirms that BF2
+ is the dominant ion reaching the cathode for all the

different process conditions, and the fraction of BF3
+ is below one percent of the total ion

flux.

Figure 167: Experimentally determined mean ion energies for B+, BF+, BF2
+ and BF3

+ after their
acceleration inside the high-voltage sheath for a 500V BF3 glow discharge operated at different

pressures (100, 150, 200 and 250 mTorr)
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The experimentally determined mean ion energies for B+, BF+, BF2
+ and BF3

+

are presented in Fig. 167. As expected with the IEDs and the number of collisions inside

the high-voltage sheath, the mean energies for B+, BF+ and BF2
+ are reduced when the

pressure is increased.

0 50 100 150
10

15

10
16

10
17

10
18

10
19

10
20

10
21

10
22

100mTorr

150mTorr
200mTorr

250mTorr

B
C

o
n

c
e
n

tr
a
ti

o
n

(a
t/

c
m

-3
)

Depth (amu)

(b)

Figure 168: Boron predicted profiles based on the measured ion energy distribution for a 500V, 2500 Hz,
50 s BF3 PLAD at 100, 150, 200 and 250mTorr

When the pressure is increased from 100 to 250 mTorr in the case of a 500 V

PLAD implantation, the number of collisions rises significantly, while the mean ion

energy decreases. This leads to shallower boron profiles when the pressure is increased

from 100 to 250 mTorr (see Fig. 168), and is in good agreement with previous data

presented by Lenoble for similar conditions [Lenoble 2000]. Unfortunately, the plasma

could not be ignited for pressures above 175 mTorr at 500 V. For this experiments

purpose, the discharge was ignited at a lower pressure. The pressure was then gradually

increased up to the 250 mTorr with the plasma on. But this mode of operation to obtain

shallower junctions is then limited by Paschen’s curve. Moreover, with the annular

Faraday cup installed inside the process chamber, some arcing could be observed inside

the cup for pressures above 175 mTorr.

Another alternative to increase the number of collisions inside the sheath is the use

of a rare gas with a high ionization potential such as neon, which is diluted with the BF3

gas. Since neon has a higher ionization potential, the dilution of BF3 with neon will

decrease the plasma density. The number of collisions will thus increase, and the dopant
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depth should be shallower. The ion energy distributions in the case of a 500 V BF3

plasma diluted with neon at 50 % for different discharge pressures are presented in Fig.

174. In the case of the 500 V high-pressure neon dilution, the two isotopes 20Ne+ and

22Ne+ are detected. The fraction of B+ slightly increases; as compared to the-no dilution

case (see Fig. 169), but the shape of all the other ions remains similar. As expected, the

Ne+ IED present the same behavior as one measured by Davis and Vanderslice (see Fig.

101a). It can also be noticed that BF2
+ and BF3

+ follow the same shape as Ne+. Charge

exchange inside the sheath for these two ions can thus be suspected.
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Figure 169: B+, BF+, BF2
+, BF3

+ , Ne+ IEDs normalized to the total ion flux for 500V 2500 Hz BF3,
diluted at 50 % with neon for five different pressures: 100, 150, 200, 250 and 300 mTorr

Despite the fact that the number of collisions inside the sheath rise, the fractions of

B+ and BF+ also increase with neon dilution. The predicted profile becomes deeper than

in the case without dilution under the same discharge pressures (see Fig 170). No

improvements in the dopant profile can be observed in the case of BF3 diluted at 50%

with argon.
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Figure 170: Boron predicted profile for a pure BF3 plasma, a BF3-Ne plasma (with 50% neon) and a
BF3-Ar plasma (with 50% argon) during a 500 V, 100 mTorr PLAD implantation

In conclusion, the depth of a dopant profile under high pressures, with or without

dilution, is limited by the pressure and by the fraction of B+ created inside the collisional

sheath. These approaches do not appear to be the most effective approach to obtain very

shallow junctions.

Reduction in the number of collisions

It was demonstrated in Chapter IV that, under a diode configuration with one

electrode grounded and the other one negatively pulsed, the collision-less regime cannot

be reached. Different configurations of the current PLAD system can be used to decouple

the plasma creation from the negative cathode bias and to reach the collision-less regime.

A configuration using a hollow cathode or another using a pulsed anode can thus be

adopted to control the sheath dynamics. The advantages of the two different

configurations will be discussed in the following section.

Hollow cathode mode

In order to modify the plasma density and the number of collisions inside the

sheath, the anode-to-cathode spacing can be used to modify the effective surface of the
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hollow cathode. In addition to electric field modification, the higher hollow cathode

voltage should help to obtain higher plasma density. These two approaches will be

introduced and discussed in the next two sections.

a) Anode-to-cathode spacing and process implications

In the diode configuration, the IEDs of the boron containing ions for different

anode-to-cathode spacing remain constant. Similar observations can be made using SIMS

measurement for different anode-to-cathode spacing. As no difference was observed for

3.5 cm and 10 cm gap, the data will not be presented.

In the case of the triode configuration with the hollow cathode, the moveable anode

system offers an additional “knob” for process control and uniformity. The HC also

provides a better control of sheath dynamics, as it allows transition from a collisional to a

collision-less sheath while maintaining a constant mean free path. Once there is a

constant pressure, the shape of the IED can then be modified by changing the number of

collisions inside the sheath.

Fig. 171 shows the time evolution of the electron density during the pulse-on

period for a 500 V, 30 mTorr, 50 s BF3 plasma with different anode-to-cathode spacings.

As can be seen, the steady state is never reached for the electron population.
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Figure 171: Time evolution of the electron density during the pulse-on period for a 1500 V HC plasma
with different anode-to-cathode spacings (500 V, 30 mTorr, 50 s, 2500 Hz)
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The effective hollow cathode surface area increases when a larger anode-to-cathode

spacing is used, which implies that there is an increase in the plasma density. As the

pressure, HC and cathode voltages are maintained constant; the sheath thickness in turn

decreases when the anode-to-cathode gap is increased. As can be seen in Fig. 172, the

sheath thickness calculated using formula {IV.2.5} for a collision-less sheath in the

steady state, decreases from 2.5 cm to 1.1 cm when the anode-to-cathode gap is increased

from 40 to 100 mm.
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Figure 172: Calculated sheath thickness for a 500 V, 30 mTorr, 50  s, 2500 Hz BF3 glow discharge
with different anode-to-cathode spacings

The decrease in sheath thickness with a constant mean free path implies a reduction

in the number of collisions inside the sheath. Assuming a constant ion-neutral cross-

section of 215 cm102  for the dominant BF2
+ ion, the ion mean free path is equal to 0.5

cm at 30 mTorr. The number of collisions inside the sheath can then be calculated. The

estimated number of collisions inside the sheath changes from 5 to 2 when the anode-to-

cathode gap is increased from 4 to 10 cm. Changes in the shape of the ion energy

distribution are thus expected when the gap is increased.

Fig. 173 shows the BF2
+ IEDs measured on the cathode side of a 500 V, 30 mTorr,

50 s HC plasma for different anode-to-cathode spacings. The IED shape for the

dominant ion BF2
+ is significantly affected as the sheath becomes more collisional when

the anode-to-cathode spacing is reduced. In the case of small spacings, most of the BF2
+

ions are low-energy ions. When the gap increases, the sheath becomes less collisional,



Chapter V Understanding, control and optimization of the process

L. Godet 244

consequently more ions are able to reach the cathode with the full energy acquired

through acceleration inside the high voltage sheath. As the sheath thickness only slightly

increases for a gap larger than 75 mm, no significant difference is observed on the BF2
+

IED shapes between 75 mm and 100 mm.
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Figure 173: BF2
+ IEDs normalized to the total flux of the boron ions for a 500 V, 30 mTorr, 50s BF3

HC plasma (HC voltage of 1400 V) with different anode-to-cathode spacings equal to (a) 35mm, (b) 40
mm, (c) 50 mm, (d) 75 mm, (e) 100 mm. Also included in f is a summary of theBF2

+ IED for different
anode-to-cathode gaps

Under all these different conditions, the BF2
+ ion is the dominant ion, constituting

more than 50 % of the total boron ion flux, as can be observed on Fig. 174. As the sheath

thickness increases when the anode-to-cathode gap is reduced, the ion fractions of B+ and

BF+, which are mostly created inside the sheath through the dissociation of heavier ions,

also rise.

Figure 174: Boron ion and molecular fraction in a 500 V, 30 mTorr BF3 HC glow discharge with anode-
to-cathode spacings ranging from 3.5 to 10 cm at a constant hollow cathode bias (- 1400 V)
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As discussed previously, the BF3
+ ion fraction is always below 1 % of the total

boron ion flux. Even if the B2F3
+ and B2F5

+ fractions inside the bulk plasma represent a

significant fraction of the total boron ion flux, they do not “survive” inside the sheath

when the collision probability is high. As there are still some collisions inside the sheath

even once it reaches 10cm, the fractions B2F3
+ and B2F5

+ are always below 0.05 %, so

they will be neglected in this discussion.

The B+, BF+ and BF3
+ ion energy distributions for a 500 V, 30 mTorr BF3 plasma

with five different anode-to-cathode spacings are presented in Fig. 175. When the plasma

density is increased, the fraction of ions colliding inside the sheath decreases, and less

low-energy B+ and BF+ ions are observed. At the same time, the abundance of energetic

B+ and BF+ ions increase. As can be seen in Fig. 175, the maximum of the BF+ IED peak

shifts to a higher energy when the anode-to-cathode gap is increased.
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Figure 175: B+, BF+ and BF3
+ IEDs normalized to the total ion flux for a 500 V, 30 mTorr, 2500 Hz. 50

s BF3 plasma with different anode-to-cathode spacings
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Due to the reduction in the number of collisions inside the sheath, BF3
+ becomes

more energetic, but its maximum of intensity still remains below 150eV. As the neutral

molecule BF3 dominates the gas phase, the probability of a charge exchange inside the

sheath through a symmetric charge transfer between BF3
+ and its parent molecule, BF3, is

high. A symmetric charge exchange is a dominant collision process for BF3
+ ions, and

only a few BF3
+ ions reach the cathode with the full acceleration energy. For an anode-to-

cathode gap above 7.5 cm, only minor changes occur on the IED.

Fig. 176a shows the evolution of the B+, BF+, BF2
+ and BF3

+ mean energies

experimentally calculated as a function of the anode-to-cathode spacing under the same

plasma conditions as those presented previously. As expected, with the number of

collisions and the shape of the IED, the mean energies of all the boron ions increase with

a larger anode-to-cathode spacing, due to the reduction in the number of collisions inside

the high-voltage sheath. The evolution in the fraction of ions that reach the wafer with a

full acceleration, as a function of the anode-to-cathode spacing is presented in Fig. 176b.

The fraction of energetic ions is calculated here by integrating a Gaussian curve under the

energetic peak of the distribution.

Figure 176:(a) Experimentally calculated B+, BF+, BF2
+ and BF3

+ ion mean energies, based on the ion
energy distributions, as a function of the anode-to-cathode spacings; (b) B+, BF+, BF2

+ and BF3
+ ion

fractions of with the full high-voltage acceleration under the previously detailed conditions

The fraction of B+ ions reaching the cathode with a full high-voltage acceleration

increases from 0.2 to 1.4 % and is constant from 7.5 to 10 cm. The maximum fraction,
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1.4% percent is close to the B+ fraction in the bulk plasma. It seems to indicate that the

collision-less sheath regime is achieved for the B+ ions in the case of a gap larger than 7.5

cm, and all the B+ ions present in the bulk reach the cathode with full energy acceleration.

Even if the collision-free regime is reached for bulk B+ ions in the case of a large gap, the

mean energy of B+ remains constant around 300eV because of its bimodal distribution.

The second peak of the ion energy distribution is mainly due to the dissociation of

heavier ions inside the sheath.

The fraction of BF+ energetic ions slightly increases from 0 to 0.56 % of the total

flux of boron ions, but the fraction is not stabilized. In the case of BF2
+ ions, the fraction

of energetic ions increases quickly from 0 to 8.5 %, but never reaches a plateau. No BF3
+

energetic ions can be detected. It appears that the collision-free regime inside the sheath

is never reached for BF+, BF2
+ and BF3

+, even if the number of collisions is reduced.

As the shapes of the ion energy distributions are very different between the 3.5 and

10 cm gaps (more energetic ions, reduced fraction of B+ and BF+), the dopant profile

should show significant differences. The boron equivalent energy distribution, based on

the IEDs for a 3.5 cm gap, is compared to that of a 10 cm gap in Fig. 177. Significant

differences can be observed between the two cases. In the 10 cm case, three peaks are

observed on the boron equivalent energy distribution. Each peak is due to the

contribution of the B+ (high energy peak), BF+ (intermediate energy peak) and BF2
+

energetic ions (low energy peak).
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Figure 177: Boron equivalent normalized IED, based on the 500V 30mTorr IEDs of the ions reaching
the wafer for 3.5 cm and 10 cm anode-to-cathode spacings
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Based on the boron equivalent energy distribution, less boron ion dopant should be

implanted near the target surface in the 10 cm case, and more BF2
+ dopant ions should be

implanted around 14 Angstroms, which corresponds to the projected range of B+ ion

implanted at 120 eV (see Fig.9.a).
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Figure 178: Boron predicted depth profile, normalized to 1015 dose, based on the measured IED for
different anode-to-cathode spacings (500V 30 mTorr BF3 PLAD)

Fig 178 shows the predicted boron profile for different anode-to-cathode spacings

in the case of a 500 V, 30 mTorr PLAD implant. A good match between the SIMS and

the predicted boron profile for the 3.5 and 10 cm anode-to-cathode gaps was obtained, as

detailed in the previous section {V.2.3.3}. More dopant near the surface can be observed

in the case of a small gap due to the low-energy tails of the different ion energy

distributions. In the case of a large gap, more dopant is implanted around 14 Angstroms,

due to the higher fraction of energetic BF2
+ ions. Even if the whole B+ ion fraction from

the total ion flux is reduced when the large anode-to-cathode gap is used, the energetic

fraction of B+ is still present and define the junction depth (see Fig. 178). The dopant

depth profile is only slightly shallower than in the case of a small gap

.
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Figure 179: (a) Measured boron SIMS profile for a 500 V, 30 mTorr, 1×1015 ions/cm3 BF3 PLAD
implant with 3.5 and 10 cm anode-to-cathode spacings, (b) Boron over fluorine ratio, based on the IEDs

at different anode-to-cathode spacings

When a larger gap is used, a higher plasma density is obtained, which implies a

faster implantation time. For example, a 1015 cm-2 nominal dose in the 3.5 cm case

requires 60 seconds, while it requires 20 seconds in the 10 cm case. The retained dose

(boron dose that is retained into the silicon after implantation) is also more important in

the case of a larger gap, due to the higher fraction of BF2
+ energetic ions. The measured

SIMS profile (see Fig. 179a) also shows a higher retained dose in the case of the 10cm

gap (7.6.1014 of retained dose), as compared to the 3.5cm case (2.9.1014 cm-2 of retained

dose), for the same nominal dose of 1015 cm-2 measured by the dosimetry system. A

higher fluorine concentration is obtained in the larger gap cases (see Fig. 179b) due to the

higher fraction of BF2
+ ions implanted onto the wafer. After the implantation of different

doses, ranging from 14105.2  to
215

cm/ions102  , and the dopant activation (1050 oC,

10 s, 100 ppm O2), Rs measurements and boron SIMS profiles were performed on each

sample.

The sheet resistance as a function of the junction depth at a level of 18103 boron

atoms per cubic centimeter is plotted in Fig. 180. In the case of the 10 cm gap, lower Rs

values can be obtained, with a deeper junction depth, despite the fact that the dopant

depth profile was shallower before the dopant activation. Also shown on this plot are the

theoretical Rs values for different Xj and boron solid solubility limits assuming a “box

(a) (b)
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profile” and a constant activation temperature. The results in both cases (large and small

anode-to-cathode gap) are almost on the same curve, thus no real improvement in the

ratio of Rs/Xj could be observed but the change in the anode-to-cathode gap allows for a

larger operating window in the case of junction engineering.
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Figure 180: Rs as a function of Xj for a 500 V, 30 mTorr HC plasma implantation with different anode-
to-cathode spacings, and calculated Rs based on different solid solubility levels in the silicon (a

reference point at 500V, 100 mTorr without the HC is also included)

Fig. 181 shows the calculation of the dopant activation efficiency for different

doses at 10 cm and 3.5cm anode-to-cathode spacings. For all the different doses from

2.5×1014 to 2×1015 boron atoms per cubic centimeter, the activation efficiency for the 10

cm gap is higher than the one for the 3.5 cm gap. The higher fluorine ratio seems to

improve the dopant activation for the same initial thermal budget (i.e. time × activation

temperature). This results in a deeper junction depth than in the case of a small gap, even

if the dopant profiles have almost identical depth (but different doses) before activation.

Higher fluorine concentrations seem to enhance the boron activation.
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Figure 181: Activation efficiency for different anode-to-cathode gaps (3.5 and 10 cm) and different
nominal doses, as measured with the PLAD dosimetry system (a reference point at 500V, 100 mTorr

without the HC is also included)
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In the case of diode configuration (green triangle), the activation efficiency of a

315 /101 cmions , 500 V, 100 mTorr BF3 glow discharge follows the same trend as in the

case of the hollow cathode with a small gap. The
F

B ratio is thus similar to the 3.5

hollow cathode case.

In conclusion, the use of a hollow cathode provides the possibility of operating

the discharge at lower pressures, even at low-cathode voltages (lower than 500 V). The

moveable anode acts as a supplementary “knob” to control the plasma density and the

number of collisions inside the sheath. It is thus possible to control the shape of the ion

energy distribution by changing the number of collisions inside the sheath. By reducing

the number of collisions through a larger anode-to-cathode spacing, the fractions of B+

and BF+ ions implanted can be decreased. The larger gap provides many advantages

compared to the 3.5 cm gap. With the 10 cm gap, the throughput is higher (higher plasma

density), the dopant depth is shallower for the same boron dose implanted (less B+ and

BF+), the retained dose is higher (more BF2
+ energetic ions ) and the dopant activation is

better than in the case of a smaller gap. After activation of the dopant, no improvement in

the Rs/Xj ratio could be observed between the 10 cm and the 3.5 cm case, but the change

in the anode-to-cathode gap leads to a larger operating window for junction engineering.

b) Hollow cathode voltage

It has been demonstrated in the case of the hollow cathode mode that the anode-

to-cathode spacing can be used to reduce the number of collisions inside the sheath.

Unfortunately, fractions of B+ and BF+, which are created through the dissociation of

heavier ions, still remain too high to obtain very shallow junctions, as the collision-less

regime of the heavier ions is not reached. Another approach consists of using a large

anode-to-cathode spacing with a higher hollow cathode voltage, while keeping a constant

cathode bias voltage. Higher plasma density can thus be reached. As expected, when the

hollow cathode bias is increased during a constant cathode bias (500 V) at 20 mTorr, the

plasma density increases and the ion current density rises linearly (see Fig. 182a).
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Figure 182: (a) Ion current density as a function of the hollow cathode voltage under a constant cathode
voltage (500 V) and an anode-to-cathode spacing of 5 cm at 20 mTorr, (b) Calculated number of

collisions, based on equation {IV.2.5}, under the same plasma conditions

The number of collisions inside the sheath is thus reduced when a higher plasma

density is obtained for a higher hollow-cathode voltage (see Fig. 182b). The B+, BF+,

BF2
+ and BF3

+ ion energy distributions for various hollow cathode voltages (800 to 2200

V) under a constant cathode bias voltage of 500 V in a BF3 plasma at 20 mTorr are

shown in Fig. 183.
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hollow cathode voltages (800, 1000, 1200, 1400, 1800 and 2200 V)
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As expected, the mean energy of the different ions increases when the plasma

density rises with the hollow cathode voltage. The ion energy distributions are less and

less affected by collisions inside the sheath. At 2200 V on the hollow cathode, only the

energetic fraction of B+ is present. This means that the sheath is collision-less for the B+

population, and only B+ ions present in the bulk plasma are implanted into the target. The

dissociation of heavy ions into B+ stops once the hollow-cathode voltage is above 2000 V.

The BF2
+ ions appear to follow the same trend as B+ inside the sheath, and almost reach

the collision-less sheath regime. In the case of BF+, the number of collisions also

decreases, but the BF+ ion fraction created through the dissociation of heavier ions still

remains present, even at 2200 V . This appears to indicate that BF+ ions are created

through a different reaction channel than for B+ ions. The regime of a collision-less

sheath is not reached for the heavy ions that create BF+. It should also be noted that the

fractions of heavy ions such as B2F3
+ and B2F5

+ is always lower than 2 %. These ions

may be dissociated to create BF+ ions. The mean energy of all the different boron ions

increases for higher hollow-cathode voltages.

Figure 184: Boron ion fractions, based of the boron ion fluxes normalized to the total flux of boron ions
for different hollow cathode voltages (800, 1000, 1200, 1400, 1800 and 2200 V) measured during the

pulse-on period in a 20 mTorr, 500 V BF3 glow discharge with a 50 s pulse width
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The boron ion fractions under the same discharge conditions detailed previously

are presented in Fig. 184. As expected, the fractions of B+ and BF+ decrease when the

number of collisions is reduced. When the hollow-cathode voltage rises above 1600 V,

the fraction of B+ ions with full energy (500 eV) is increased up to almost 5% of the total

flux of boron ions. It was demonstrated by Koo and al that higher cathode voltages lead

to higher B+ fractions created in the bulk plasma [Koo 2004]. Similar observations can

thus be made with the hollow cathode bias. The increased of fraction B+ energetic ions

will impact the deeper parts of the dopant profile. Even if the fraction of B+ ions is

reduced to 5 % of the total flux of boron ions implanted, the junction depth may not be

shallower. A significant 8% fraction of BF+ can still be detected in the 2200 V hollow-

cathode voltage case.

Figure 185: Boron predicted depth profile for different hollow cathode voltages, during a 500 V, 20
mTorr PLAD implantation

Fig. 185 shows the boron predicted depth profiles for different hollow cathode

voltages (1000, 1400, 1800 and 2200 V) during a 500 V, 20 mTorr BF3 glow discharge.

As the fraction of B+ energetic ions increases and the hollow cathode bias rises, while the

B+ fraction still remains superior to 5 %, no improvement in the junction depth can be

observed.

In conclusion, by changing the hollow-cathode voltage, the fractions of B+ and

BF+ ions can be reduced, but the fraction of energetic light ions significantly increase,

therefore no improvement could be observed in the dopant depth profile. Another

approach will now be presented in the next section.
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Pulsed anode configuration

The use of a pulsed anode, in addition to the pulsed cathode, allows for the

discharge to be operated at lower pressures and lower cathode biases. The pulsed anode is

used to create and maintain the plasma (same role as the hollow cathode). The anode-to-

cathode spacing is maintained at 4.5 cm during all the experiments. The electrons are

now confined in the small gap between the two negatively pulsed electrodes. This

provides higher ionization efficiency and thus a higher plasma density for the same

pressure as in the hollow cathode case. The hollow cathode is used as the ground

reference for the plasma. The electrons thus diffuse from the center of the discharge to

the side of the chamber, where the hollow cathode is positioned. The discharge could be

operated at pressures as low as 12 mTorr under this configuration.

Fig. 186a shows the cathode current for different pulsed anode voltages, from

400 V to 1200 V, during a 500V BF3 discharge operated at 30 mTorr. The cathode

current increases when the discharge is operated at higher anode voltages.
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Figure 186: (a) Cathode current for different pulsed anode voltages with a 500 V, 30 mTorr, 50s, BF3

plasma, (b) Ion ratios under the same plasma conditions for different pulsed anode voltages, ranging
from 400 V to 1200 V

In agreement with the discussion in Chapter IV, when the discharge is operated

at higher plasma densities under the same process pressure, the ion mean free path is

(a) (b)
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maintained constant and the sheath thickness decreases. The number of collisions is thus

reduced and the fractions of B+ and BF+ decreases. Fig. 186b shows the evolution of the

fractions of different boron ions under different anode voltages. The B+ and BF+ fractions

slowly decrease for higher plasma densities. For a cathode bias above 1000 V, the

fraction of B+ falls below 1% of the total flux of boron ions. The fraction of BF+ also

decreases below 5% of the total flux of boron ions.

The B+, BF+, BF2
+ and BF3

+ ion energy distributions under different anode

voltages for a constant pressure (30 mTorr) and a constant cathode voltage (500V) are

presented in Fig. 187.
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Figure 187: Boron ions, normalized to the total ion flux, reaching the cathode for a 500 V, 30 mTorr,
50s BF3 plasma under different pulsed anode voltages
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In regard to the shape of the ion energy distributions, similar observations to the

one in the previous section can be made. When the anode voltage is pulsed at 1200 V, the

collision-less sheath regime is reached and the dissociation of heavier ions into B+ ceases

inside the sheath. The fraction of B+ is then roughly equal to the measured B+ fraction in

the bulk plasma. The fraction of BF+ decreases significantly under higher anode bias

voltages, but the dissociation of heavier ions into BF+ is still occurring inside the sheath.

As the fraction of lighter ions is significantly decreases, the dopant depth profile is

expected to be shallower in the case of the higher anode voltage.
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Figure 188: Boron predicted depth profile, normalized to a 5.1014 dose, based on the measured IEDs for
different pulsed anode voltages (500V, 30 mTorr BF3 PLAD)

The boron predicted profile under the previous discharge conditions is presented

in Fig. 188. As predicted, a higher anode voltage leads to a higher plasma density, and the

dopant depth profile at 18103 boron atoms per cubic centimeter significantly decreases

and is up to 3 nanometers shallower than in the baseline case (with a hollow cathode

plasma). The decrease of the B+ fraction when the anode bias increases can clearly be

seen in Fig. 189. The objective of this section is thus reached when the pulse anode is

used with a low pressure. With an appropriate dopant activation (flash anneal for
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example), shallower junctions can be achieved in the case of the pulsed anode

configuration.

Optimum conditions and conclusions

To summarize, in this section, it has been demonstrated that through a good

understanding of the BF3 plasma, and in particular of the collision processes inside the

sheath, shallower junctions can be reached. The approach using a collision-less sheath

seems to be the best one. It is necessary to use an external plasma source, such as a

hollow cathode or a pulsed anode, to be able to reach a collision-less sheath and to

significantly reduce the fraction of B+ and BF+ inside the high-voltage sheath.

Using a high-density plasma created with a RF plasma source (pulsed or not

pulsed) decoupled from the cathode bias voltage, tuning the plasma parameters (duty

cycle, pressure, gas flow…) to enhance the BF2
+ fraction and avoiding collisions inside

the sheath, appear to be the optimum conditions to obtain the shallowest junction depth

by using plasma implantation with BF3 chemistry.
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Chapter VI Conclusion

A brief review of the doping requirement for the next device node generation as

well as the traditional beam line implantation technology was presented in Chapter I. In

order to reach the new doping requirements for the source drain extension, the ion

implantation energy needs to be further reduced with a higher dopant concentration. New

doping technique such as plasma-based ion implantation is emerging for the future device

nodes. In particular, pulsed PLAsma Doping (PLAD) offers the capability of operating at

very low energies for a lower cost and at a higher ion flux than with the traditional

beamline ion implantation. With the PLAD technique, the silicon wafer is directly

immersed in the plasma. The ions present in the bulk plasma are extracted through the

high voltage applied on the cathode and are implanted into the wafer with the desired

energy. The principle of plasma doping as well as its advantages and performances were

presented in Chapter II.

In traditional beamline implantation, the incident ion mass and energy are well-

known parameters, and simulation programs are available to predict the implant profiles.

In plasma-based ion implantation, all ionized species present in the plasma are extracted

and implanted by applying negative voltage pulses to the wafer. Therefore, the prediction

of implant profiles is more complicated since it requires the knowledge of each ion

relative abundances, as well as their energy distributions, prior to entering the wafer

surface. The plasma composition was studied by mass spectrometry measurements and

the plasma parameters such as electron density or plasma potential were measured by

Langmuir probe. The characterization of pulsed plasmas has lead to the modification of

the existing system and has required the development of time-resolved measurements. A

mass and energy spectrometer was installed inside the high-voltage electrode to measure

the energy distribution of the different dopant ions reaching the silicon wafer after their

acceleration inside the high-voltage sheath in BF3 plasma (boron trifluoride). A 3D

electrostatic model of the mass spectrometer was developed in order to optimize the ion

transmission inside the mass spectrometer and has lead to modification of the mass

spectrometer voltage set-up.
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The identification and the quantification of the various plasma charged species, as

well as the ion energy distribution measurements, were presented in Chapter IV. The

different elastic and inelastic collisions for the BF3 electron cross-section processes were

briefly reviewed. Electron-impact ionization measurements for BF3 have shown that BF2
+

is the dominant ion created by this reaction channel. Its relative abundance intensity is

two decades higher than that for B+, F+, BF+ and BF3
+.The time evolution of the electron

temperature and plasma density was also presented. Two different electron populations

were measured: the low-energy electrons that make up the majority of the electrons and

the fast electrons that represent less than 1 % of the electrons and are present only during

the pulse-on period. The electron density increases during the pulse-on and decreases

slowly during the afterglow period. As expected, higher electron density is measured

when the hollow cathode is used. The characterization of the BF3 plasma, including the

ion kinetics, the description of different collision processes occurring inside the high-

voltage sheath and a detail description of the energy distributions of ions reaching the

cathode, was also presented in Chapter IV. It was demonstrated that


s is a key

parameter that is governing the shape of the ion energy distribution measured in the high-

voltage sheath. Under all the various plasma conditions, the BF2
+ ion was measured as

the dominant ion of the BF3 discharge. The fraction of BF2
+ is reduced after crossing the

high-voltage sheath. The presence of a symmetric charge exchange for BF2
+ and BF3

+

was also demonstrated in the case of a collisional sheath. Heavy molecular ions, such as

B2F3
+ and B2F5

+ were detected by mass spectrometry during the pulse-on period. These

ions are probably created by a three-body recombination. It was demonstrated that B+ and

BF+ are created inside the sheath. The main reaction channels that create B+, BF+ inside

the sheath were identified. The heavy molecular ions are dissociated inside the sheath by

colliding with neutral particles of the gas phase into lighter ions. It was observed that the

B+ and BF+ fractions are strongly dependant on the number of collisions inside the sheath

and can be reduced by minimizing the number of collisions during the high-voltage

acceleration. The control of light ions, such as B+ and BF+, is vital to obtain shallower

junctions during ion implantation.

The understanding, control and optimization of the process were introduced in

Chapter V. The PLAD conditioning step is described in details and optimized. The



Chapter VI Conclusion

L. Godet 261

conditioning study and the plasma uniformity study have lead to a modification of the

PLAD hardware material. A model, based on ion energy distribution measurements was

developed to predict the dopant depth profile. The prediction results are in good

agreements with the SIMS measurements. According to this depth profile prediction and

to ion energy distribution measurements of chapter IV, we discussed and found in chapter

V optimized experimental conditions to obtain shallower junctions.

This thesis research provides a better understanding of the key parameters that

control the nature, the concentration and the depth distribution of the implanted species.

With a better understanding of the collision processes that occur inside the high-voltage

sheath, the doping process can be optimized. Based on the ion energy distributions

measured with the mass spectrometer, the dopant depth profile can be predicted and the

plasma parameters can be tuned in order to obtain shallower dopant depth distribution in

the silicon after plasma doping implantation.
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Appendix 1a: Mass spectrometer old configuration

Figure 189: Potential distribution at the entrance of the mass spectrometer tube with the original mass
spectrometer configuration

Figure 190: Divergence angle of a 500 eV BF2
+ at the end of the mass spectrometer drift tube with the

original mass spectrometer configuration
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Appendix 1b: Mass spectrometer new configuration

Figure 191: Potential distribution at the entrance of the mass spectrometer tube with the new mass
spectrometer configuration

Figure 192: Divergence angle of a 500 eV BF2
+ at the end of the mass spectrometer drift tube with the

new mass spectrometer configuration
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Appendix 2: PLAD chamber diagnostic

Figure 193: PLAD modified chamber with the mass spectrometer installed in the center of the cathode
and the cathode power supply unit

Figure 194: PLAD diagnostic test stand, which include a Langmuir probe, a mass spectrometer, an
optical spectrometer, a fast data acquisition oscilloscope, a video camera to monitor the plasma and a

manual loadlock
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Power Supply

Hollow Cathode
Power Supply
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Appendix 3: Electron temperature calculation

(By the software SmartProbe [Smartsoft])

The total current I is assumed to be only the electron current Ie:
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Appendix 4: EEDF and EEPF calculation

(Based on Lieberman calculation [Lieberman 2005])

For an arbitrary distribution function, current in the retarding field 0 bp VV can

be written as
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is the minimum velocity along z for an electron at the plasma-sheath edge to reach the

probe. For an isotropic distribution, spherical polar coordinates in velocity can be

introduced to obtain:
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Where Ap is the physical collecting area of the probe and where
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It is usual to introduce the electron energy distribution function (EEDF) )(eg by

dvvfvdg ee )(4)( 2  {8}

Using the relation between  and v, we find
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Using this to eliminate ef from {7}, we obtain
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which gives )(Vg e directly in terms of the measured value of 22 dVId . The electron

probability function (EEPF) )()( 2/1  ep gg  is sometimes introduced instead.
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Appendix 5: IED for different HC voltage 20mTorr

with 500 V cathode bias
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Figure 195: B+ and BF+ IED normalized to the total boron ion flux for different HC voltage (800, 1000,
1200, 1400, 1800 and 2200 V) for a 20 mTorr BF3 glow discharge with a cathode bias at 500 V
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Figure 196: BF2
+ and BF3

+ IED normalized to the total boron ion flux for different HC voltage (800,
1000, 1200, 1400, 1800 and 2200 V) for a 20 mTorr BF3 glow discharge with a cathode bias at 500 V
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Appendix 6: Pulsed anode voltage variation
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Figure 197: B+, BF+, BF2
+ and BF3

+ IED normalized to the total boron ion flux for different pulsed-
anode voltage (400, 600, 800, 1200 V) for a 30 mTorr BF3 glow discharge with a cathode bias at 500 V
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Appendix 7: 1kV no HC Frequency Variation

(1kV 40mTorr 50s 10sccm)
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Figure 198: B+, BF+, BF2
+ and BF3

+ IED normalized to the total boron ion flux for different frequency
(500, 1000, 1500, 2000, 2500 and 3000Hz) for a 40 mTorr BF3 glow discharge with a cathode bias at 1

kV
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