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ABSTRACT OF THE THESIS

Spatial and Temporal Characterization of a Pulsed Inductively Coupled

Plasma Etch Device with Argon/Oxygen Gas

by

Yuchen Qian
Doctor of Philosophy in Physics
University of California, Los Angeles, 2024
Professor Walter N. Gekelman, Chair

Low temperature radio frequency (RF) inductively coupled plasma (ICP) is widely used in
semiconductor industry for surface etching and processing. The plasma needs to be highly
controllable and uniform. Electronegative gases are often used for their high reactivity,
which adds to the complexity. Various measurements were performed in an effort to
characterize a pulsed ICP in an industrial etch tool driven by a 2 MHz planar coil, with
improved temporal and spatial resolution from previous literature. The operating gas
was Ar/O,. The wafer on the bottom electrode can be biased at 1 MHz independently.

The decoupling of the driving RF and the bias RF enables separate control over the
plasma parameters in the sheath and the bulk region. In the sheath region in contact
with the wafer, laser induced fluoresence experiment was conducted. Ar ion angle and
energy distributions, drift velocity and sheath dynamics were investigated for different
cases of wafer bias. The results showed an instantaneous sheath motion in response to
the wafer bias. The ion energy distribution showed a continuous tail extending close to
the bias voltage when the bias was turned on during the plasma glow, and a bimodal
shape with a high energy peak when the bias was turned on in the afterglow.

In the bulk region, RF compensated Langmuir probe, hairpin probe, Bdot probe

and photodetachment were used to obtain essential plasma parameters. The electron
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and negative ions spatial distribution showed significantly different structures in Ar and
Ar/O,. Different propagation patterns of the fields and inductive power deposition were

also observed.
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1 Introduction

1.1 Fundamentals of Plasma Etch

Semiconductor device manufacturing is one of the fastest growing industry since the
invention of integrated circuits in 1960s. It wouldn’t be an exaggeration to say that con-
sumer products nowadays have universal dependence on microelectronics, typically made
of semiconductor materials. The famous Moore’s law observed and predicted that the
number of components in an integrated circuit doubles every two years. As the indus-
try keeps pushing the limit of compactness and complexity of the microchips, innovative
research on improving efficiency and stability of semiconductor fabrication becomes im-
portant.

During the typical steps of wafer manufacturing, a wafer is first deposited with a
film of materials, which is then covered by a layer of photoresist pattern mask through
lithography. Materials not covered by the photoresist are removed in the etching process,
and thus the desired pattern is transferred to the film. The photoresist is then cleaned
from the wafer, and the next film is deposited. The steps repeat layer by layer until all
the layers are stacked and the chip is completed. Many of the above steps happen with
the aid of plasma, or in plasma-filled environment. Understanding of the fundamental
properties of processing plasma is therefore key to the development of semiconductor
industry. Plasma processing is primarily used in etching, deposition and surface cleaning.
The early etching method utilized chemical solutions to dissolve the materials and is
therefore called “wet etching”, as opposed to the plasma-based “dry etching”, developed
later in 1970s. Compared to wet etching, plasma etching has the advantage of being
anisotropic, controllable, having higher resolution and leaving no chemical waste in the
system. It is now the generally preferred method for pattern-transfer [1]. Plasma etching
is usually conducted in low pressure partially ionized non-equilibrium plasma. The typical
operating conditions and plasma parameters are listed in Table 1.

The mechanism of plasma etching includes the directional but non-selective physical

process such as sputtering, and the selective but isotropic chemical process. Depending



Pressure 0.1 mTorr - 1 Torr
Density 108 — 10" em ™
Electron temperature 1-10eV
Ton temperature < 0.1eV
Degree of ionization 107 — 107t

Table 1: Typical operating conditions and parameters of plasma used in etching.

sheath electric
field

0 0

etched material

Figure 1: Schematics of plasma etching. Feature size are not drawn to true proportion.

on the material, the etching can be purely physical, purely chemical or a combined process
(ion enhanced etching). Figure 1 shows the microscopic picture of such a process. As
electrons are far more mobile than ions, they tend to escape from the plasma boundary,
creating an electron devoid sheath with a voltage drop with respect to the grounded
surface. The wafer is usually placed on an AC biased electrode with blocking capacitor,
which self-generate a negative DC bias from the impinging electrons [2]. The DC self-bias
further enhances the sheath potential. Positive ions accelerated by the sheath potential
bombard the wafer and sputter atoms from the surface. The sputtered atoms combine
with the chemically reactive neutrals in the plasma into volatile gas, and are evacuate
from the chamber through the pumping system.

The neutrals also directly remove materials, especially from the sidewall of the trench.
They move in isotropic direction through diffusion and thermal motion, and form chemical

bonds with atoms on wafer upon contact [3, 4]. In practice, the etching process of one



wafer often involves a sequence of different feed gases and discrete steps to achieve the
desired etch rate and selectivity [5].

Plasma used for etching is often generated capacitively by a pair of parallel electrodes,
or inductively by an RF electromagnetic coil. In a capacitively coupled plasma (CCP)
device, the wafer is positioned on the biased plate, or less commonly on the ground plate.
This geometry is ideal for etching the dielectric and insulating materials which tend to
have stronger bond energy and require very high energy ions. In an inductively coupled
plasma (ICP) device, the wafer is usually placed on a chuck connected to a bias power
source. Due to strong power coupling of electromagnetic field to the plasma, ICP generally
can have higher plasma density than that of CCP at the same operating pressure and
input power. ICP is often used to etch conducting materials such as metals and silicon
that requires less ion energy but can be more efficient with large ion population. It plays
important roles in the latest development of high aspect ratio (HAR) etching and atomic
layer etching (ALE) [5-7].

Enormous efforts have been made on optimizing the plasma so that the etch profile
can be precise and uniform. Key plasma properties that are essential to the precision,
uniformity and efficiency of the etch include Key plasma properties that are essential to
the result include species densities, ion and neutral fluxes, energy distributions, plasma
temperature and power coupling to the plasma, etc [8].

The decoupling of the plasma power source and the bias power source and the utiliza-
tion of multi-frequency system greatly expand the parameter space of the device. The
source power usually runs at a higher frequency and controls the plasma density. The
bias power controls the ion energy and usually runs at a lower frequency. The effects of
the source frequency and the bias frequency are largely independent and can be studied
separately as long as the frequencies are widely separated. Nonlinear interactions may
happen when the frequencies are close. The influence on plasma density and potential is
significant in CCP but not in ICP. For ICP, the DC bias and sheath voltage are sensitive
to nonlinear effects [9)].

While the dual-frequency system is the most commonly seen in etch devices, more



complicated mechanisms such as dual-frequency/dual-antenna with power splitting, su-
perimposed multi-frequency antenna etc. have also been proposed and shown to improve
discharge uniformity over the wafer [10, 11].

To further expand the “control knob” of the plasma parameter, industry is developing
pulse-power modulation etch tools in which the source power and the bias power can be
rapidly pulsed. The most common power modulation for pulsed etch device is square
wave, although novel waveform is also being researched and developed. The plasma source
power switches from “on” or “high”, during which plasma is generated and sustained, to
“off” or “low”, during which the plasma cools down to afterglow. The bias power can
be continuous, or pulsed in synchronization with the source power. The repetition rate,
duty cycle and the time shift between the source pulse and bias pulse are all optimizable
parameters to control the etch result [4].

Pulsing the plasma provides additional control on customizing fluxes to the wafer [8,
12]. Tt is particular important for aspect-ratio dependent etching, where neutral and ion
fluxes are not uniform at the etch front that has different trench sizes and uneven pattern
density [13]. This issue can be effectively addressed through pulsed operation. The pulse-
off phase increases neutral coverage, and pulse-on phase enhances ion bombardment [14].

Other chamber conditions such as the asymmetry of gas flow and pumping may also
cause nonconformity on the etch result. While continuous operation keeps reinforcing
the asymmetry, pulsed operation recoup the symmetry through inter-pulse diffusion in
plasma afterglow [15]. Pulsing also reduces damage to the wafer due to electron shading
effects (electrons at oblique incidence cause local charging and damaging current), which
is a common problem in continuous plasma [16, 17].

Recently, further bias power modulation has been investigated for enhanced control
over energy distribution. Various tailored voltage waveform has been proposed. Its effect
on the ion energy distribution was experimentally computationally compared to the case
of conventional sinusoidal waveform, showing favorable results [18-20].

Experiments described in this thesis were conducted in an ICP device with a planar

coil placed on top of the chamber. The source power and the bias power operate at



decoupled dual-frequency, and can be simultaneously pulsed with adjustable time shift
with respect to each other. The pulsed operation and the separate tuning of bulk plasma

and sheath necessitate measurement on the time evolution and spatial distribution.

1.2 Etch in Electronegative Plasma

Plasma processing often uses a combination of noble gases such as hydrogen and argon,
and chemically reactive gases such as oxygen and halogen gases. For example, SiO, is
often etched in high polymerizing fluorocarbon gases (CF,, CHF3, CHyF5, etc.) with
argon and oxygen. The argon ion bombardment and CFy radical flux incident on SiO,
form a polymer layer on the surface. Highly energetic ions penetrating the polymer and
fluorine diffusing through the polymer remove Si as SiFy, SiFy and SiOF5. Oxygen can
remove carbon buildup on the surface, consume polymer layer by forming the volatile
CO and COg, and therefore control the etch rate and selectivity. Selectivity can also be
optimized through F/C ratio or addition of hydrogen that scavenges fluorine [21]. Apart
from F-based gases, Cl- and Br-based gases are also commonly used to etch Si-based
materials. [22-24].

This thesis reports on measurement done in Ar/O, plasma. Regardless of the choice
of halogen species, argon and oxygen are frequently added to the process gas for reasons
described above. Oxygen easily forms volatile species with carbon or hydrogen based
atoms on the wafer surface, making it ideal for surface activation and cleaning. Argon is
widely used for ion bombardment because of its low price among the inert gases. Almost
all materials can be removed by argon plasma etching with sufficient energy. It also
prevents oxidation of metals when oxygen gas is in use. Therefore, Ar/Oy plasma has
great research importance.

A key feature of plasma containing oxygen or halogen is the presence of negative
ions which complicate the dynamics of species and plasma stability. In low pressure
plasmas, negative ions are mainly formed by dissociative attachment such as in chlorine
(e + Cly — Cl+ Cl7) and carbon tetrafluoride (e + CF, — F~, CF;,F5), or three-body

attachment as in oxygen.



Negative ion species found in oxygen plasma are mostly O™, O;, O5. The major loss
mechanisms include positive ion-negative ion neutralization and electron detachment [25,
26]. In the regime relevant to plasma processing, negative ions are largely contained in
the bulk plasma by potential barrier of ambipolar fields, and do not interact with the
surface during the active-glow phase. The resulting plasma is therefore an electronega-
tive core surrounded by an electropositive boundary region. Properties of low pressure
RF oxygen plasma have been experimentally studied by many. Earlier investigations
were mainly conducted in 13.56 MHz continuous oxygen plasma [27-30], where Lang-
muir probe, photodetachment, mass spectroscopy and microwave resonance were used to
identify the ion species and measure negative ion parameters. A parabolic density profile
across the chamber was observed by Vender et al., with O~ being the most abundant
specie [28]. Amemiya found that the negative ion density ratio (negative ion density /
electron density) increases then decreases with the input feed power, and increases with
gas pressure until saturates [29]. Corr et al. systematically studied the neutral and
charged particle dynamics in oxygen ICP at both capacitive and inductive modes, and
compared to a global analytical model [30].

As growing attention has been paid to pulsed operation and multi-frequency system,
measurement and modeling on time-varying electronegative plasma became important.
Plasma parameters as a function of RF phase has been extensively measured. For exam-
ple, Schulze et al. measured electron dynamics and energy distribution functions within
the RF cycle in a dual-frequency He/Oy CCP with one-dimensional spatial resolution,
using phase-resolved optical emission spectroscopy [31]. Similar investigation was con-
ducted in an oxygen containing ICP by O’Connell et al, focusing on power scanned mode
transitions [32].

Temporal evolution of the key parameters during different phases of the pulse has also
been extensively studied. Particular time frames to be considered are onset of the pulse,
where mode transitions and multiple nonlinear effects may happen, the quasi-equilibrium
active-glow, and the afterglow. For example, Mishra et al. identified three distinguishable

features in the plasma potential and electron temperature profile during a single pulse



cycle [33]. Mitsui and Makabe gave a complete review on the 2D /3D emission tomography
on each phase of the E-H and H-E transition electronegative in ICP [34].

Ion motion at the vicinity of the wafer is another important and ongoing research
topic. Retarding field energy analyzer, modified to be used in the presence of high
voltage RF bias, has been a popular way to measure the ion energy distribution function.
Specie-resolved measurement can be obtained by further combining the energy analyzer
with a mass filter or mass spectrometer [35-41]. Laser based non-intrusive diagnostics,
such as cavity ringdown spectroscopy [42, 43] and laser induced fluorescence (LIF) [44-50],
captures velocity information of a single ion species through Doppler shift and broadening.

A comprehensive measurement focusing on both volumetric resolution and temporal
resolution was previously by Han et al. [51], who systematically studied the argon plasma
in the same ICP device and laid the groundwork for this thesis.

The progress on diagnostics in low temperature electronegative plasma greatly bene-
fits the research on plasma modelling. This is important to the industry as etching devices
are monitored and improved with the aid of computer models [52]. Common simulation
approaches include fluid, particle-in-cell (PIC) or hybrid method. The fluid models de-
scribe plasma by solving the continuity and the energy equations for each species in the
plasma, with appropriate coupling to RF electromagnetic fields. They are useful to ob-
tain multi-dimensional global model efficiently, when non-local effects are less important.
PIC models solve kinetic equations for sampled individual particles, and are often used
in low density plasma when an accurate local description is needed. Hybrid models com-
bine the fluid and PIC approaches. Development and challenges of the three methods
are reviewed by Kim et al [53]. In recent years, Kushner developed a Hybrid Plasma
Equipment Model (HPEM) in which a large variety of physics is compartmentalized into
different modules and module calculations on different timescales are iteratively com-
bined using time-slicing techniques. Abundant results using HPEM to address various
issue in pulsed electronegative plasma has been published [20, 54-56]. This thesis will

also present comparison of some of the experimental results with the HPEM calculations.



1.3 Motivation and Outline

Plasma etching has been constantly challenged by the fast advancement of 3-dimensional
geometries of microelectronics. Recent development on 3D NAND and 3D DRAM has
push the aspect ratios to exceed 100. The etching must be as precise as possible on a
nanometer scale, and at the same time highly uniform such that the chips produced are
of the same quality across the wafer. This requires that ions arrive with near normal
angles with narrow angular spread (< a few degrees) and high energy (> several keV)
[57-59]. Ton energy distribution and motion is therefore key to semiconductor device
fabrication and needs thorough study with the most advanced methods. To ensure quality
among all wafers, the plasma itself should also be stable, controllable and reproducible.
Power delivery from the source to the plasma should be efficient and repeatable. The
electronegativity of the plasma further complicate these challenges. This necessitates
scientific research to fully characterize the plasma in etched devices with high spatial and
temporal resolution.

This thesis focuses on characterizations of pulsed ICP with an improvement on spatial
and temporal resolution that has not been achieved in previous research. The operating
gas is Ar/Oy at varying mixing ratio, which is commonly used in etch process. Features
essential to industrial application such as positive ion motions, negative ion concentra-
tions, induced field distribution and power deposition will be studied. Experiments are
designed to explore various time regime of the pulsed operation (onset of the pulse, steady
state, afterglow), and access different region in the plasma (under the coil, bulk plasma
region, above the wafer).

Chapter 1 introduces readers to the concept and development of ICP plasmas for
industrial applications. Chapter 2 describes the specifics of our ICP chamber and plasma
source. Following that are explanations on our built-in-house data acquisition system
and various diagnostics with which we obtained the results shown in Chapter 3, 4 and 5.
Chapter 3 presents our laser induced fluorescence experiments on studying positive ion
motions above the wafer. Chapter 4 discusses our measurement on negative species, i.e.

electrons and negative ions, in varying mixing ratios of argon and oxygen gases. Chapter 5
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discusses the induced electromagnetic fields and power deposition in these gases. Chapter

6 concludes the key results from this thesis and discuss on further possibilities of the lab.



2 Laboratory Setup

2.1 Plasma Chamber

The experiments are conducted in a cylindrical vacuum chamber donated by LAM Re-
search Corporation. The chamber is constructed of anodized aluminum with an internal
diameter of 52 cm. A flat ceramic lid seals the top. The chamber is modified to have

multiple Pyrex view ports and one probe access port, as shown in Figure 2.

Antenna
a) eee e00
Ceramic top

[ window

Gas
| me——
Inlet

Figure 2: Schematics of the plasma chamber. (a) Side view. (b) Top view. The semi-
transparent blue rectangle shows the typical data collection plane that the probes scan
through. The x and z axis is defined as the radial and axial axis of the cylinder, with the
origin at the center of the wafer.

A roughing pump and a turbo pump (Adixen ATH2303M) attached to the bottom of
the chamber keep the vacuum pressure level at 2 x 1076 torr. Feed gas is premixed in the
pipe system before entering the chamber from an inlet on the side wall. Each specie of
gas is controlled by a mass flow controller. The pressure in the chamber is conditioned
by the turbo pump setpoint and mass flow controllers. The majority of the experiments
are conducted at 0.5 - 50 mTorr.

A 30 cm diameter Si wafer is positioned on a 45.5 cm diameter RF chuck assembly at
the bottom of the chamber, 17.2 cm away from the ceramic lid. The wafer is electrostat-
ically clamped on the chuck which has backside helium inflows for cooling. The which
can be biased with respect to the chamber ground.

The plasma is generated by a double-wound 1.5 turns planar spiral coils, situated 1

cm above the surface of the lid. The RF power in the coil i s delivered to the plasma
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Figure 3: Several cycles of the 1 MHz antenna current (orange, left axis) and voltage
(blue, right axis), measured at the terminal of the coil. The power is 400 W.

mainly through induction, although in cases of low density plasma conduction mode can
dominate and E-H transition is always present in the pulsed operation of this machine
[51].

The coil antenna and the chuck are powered by separate power sources at adjustable
duty cycle and RF frequency. For the work presented here, the antenna current is 2 MHz
and the chuck bias is 1 MHz. The antenna is typically pulsed at 10 Hz between on/off,
or high power/low power. 10 Hz matches the pulsing rate of our Nd:YAG laser. The
rise-time of the pulse is 50 ps and the maximum power is set between 300 W to 1 kW.
Although the pulse waveform can be tailored to any shape that’s allowed by the function
generator, it is largely limited by the rise-time and maximum power. The presence of
plasma also complicates the circuit response. In this thesis the antenna is always on
square pulse. The antenna power is calculated by the multiplication and taking the root
mean square of the measured voltage and current at the terminal of the coil. Power lost
between the terminal and the plasma is only a few percent, confirmed experimentally by
Han [60] using a single turn loop inductively coupled test circuit just above the antenna.
A exemplary RF current and voltage profile operating at 400 W is plotted in Figure 3.

The chuck bias can be continuous or pulsed between on/off synchronously with the
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antenna pulse with adjustable time shift and duty cycle.

_. Fast CCD
camera
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Figure 4: Photos of the ICP chamber. (a) A side view of the ICP tool. The gas inlet
is on the other side and not shown. (b) Details of the custom ball valve. (c¢) The 3-axis
motor drive system. The tricolor arrows indicates the movement direction of each slide
track (blue for in/out, green for sideways, red for up/down), and the stepper motor that
motorizes each track is circled with the corresponding color.

The chamber has two rectangular view ports near the top, facing the area under the
coil, and one rectangular and one circular view port at the bottom, facing the area above
the wafer. These allow access of interferometer and laser. All view ports are sealed with
pyrex. A photodiode is mounted next to the bottom rectangular view port to monitor
visible plasma breakdown.

Probes can access the chamber through a custom made ball valve (Figure 4(b)) which
allows free rotation [61]. A three axis motor system can move the probe tip to access
most places inside the chamber, except a small fan-shaped volume right below the ball
valve. In practice, we usually assume cylindrical symmetry and collect data on a half
plane, shown as the semi-transparent blue region in Figure 2, to protect the probe tip and
save time. The motor system is consisted with three slide tracks motorized by Applied
Motion integrated stepper motors and linear actuators (Figure 4(c)). The motors can
be controlled by remote command through Ethernet connection. The coordinate in the

chamber, defined as shown in Figure 2(a), is mapped to the coordinate of the motor

12



system and translated to motor rotation by a computer program developed in house.

2.2 Data Acquisition

Data collected by probes are digitized by oscilloscopes and recorded to a computer. In
most cases, the oscilloscope is triggered with respect to the rising edge of the RF antenna
current pulse.

The experiment procedure is largely automated through a python based data acqui-
sition (DAQ) program. After the initial physical set up is completed, the data collection
is routined by the program. This includes moving the probes, changing the operating
parameters / oscilloscope settings, organize and save the data, etc.

The DAQ program incorporates individual python scripts that communicate with the
lab devices, and a main function that setup and execute the data acquisition loop. Each
script can be executed as standalone program to individually control the devices. The
lab is equipped with several Teledyne LeCroy oscilloscopes, all of which can read from
and write to the host computer through Ethernet connection and National Instrument
driver NI-VISA. The commands use Standard Commands for Programmable Instruments
(SCPI) syntax. The function generators and delay generators are also remotely controlled
through SCPI over Ethernet.

The RF power supply of the stovetop coil plasma source is remotely controlled through
USB connection. Essential parameters such as mode of operation, RF frequency, cur-
rent /voltage phase can be adjusted.

The stepper motor communicates with the host computer through Structured Control
Language (SCL) over Ethernet. The program automatically translates the user input
position in Cartesian coordinate to motor encoder position.

Figure 5 shows the workflow of a typical experiment designed to obtain volumetric
data by moving a probe to multiple locations inside the chamber. The program generates
an indexed DAQ array from the user input. Each array entry contains information on
the probe location and other parameters (i.e. trigger time, probe bias, laser wavelength,

etc.) at that position. After initializing the connections to all the devices, the program
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Figure 5: An example workflow diagram of the Python based DAQ.

loops through the DAQ array and records the data. This typically includes moving the
probe, changing device settings, saving the scope traces, and then moving to the next
array entry. The data, as well as other experiment information, are packed into a single
HDFS5 file. The program is highly customizable to include new apparatus and procedures,

and easily transferable between labs.

2.3 Diagnostics
2.3.1 Langmuir Probe

Langmuir probes are one of the most common diagnostics in plasma physics due to their
simple constructions. A basic Langmuir probe contains a conducting probe tip exposed
to the plasma. In most Langmuir probe diagnostics, a bias voltage is supplied to the
probe tip, and the current flowing through the probe is measured. With proper choice of
biasing condition and careful treatment of data analysis, a variety of information can be
extracted.

A common application is to sweep through a range of bias voltage to obtain the
current-voltage characteristic (I-V curve). When inside the plasma, the probe surface will
be shielded by a layer of Debye sheath whose properties determine the current flowing
through the probe. The total current I collected by the probe is the sum of the electron
current I, and the ion current [;. Figure 6 shows an idealized I-V trace, plotted upside-
down (I, positive and I; negative) by convention.

In analysis, Langmuir I-V curve is typically divided into three parts. When the probe
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Figure 6: Idealized I-V curve. The current is plotted upside-down by convention. The
ion saturation region is magnified 10 times for better visual effect. Figures from F. F.

Chen [62].

tip is extremely negatively biased, it repels all the electrons and only collects [;. This is

called ion saturation current I,,;. The Bohm sheath criterion requires that ions entering

the sheath travel at least at the ion sound speed ¢, = \/ kp(ZT, + ~T;)/m;, where kg
is the Boltaman constant, T, and 7; are the electron and ion temperature, Z is the ion
charge number and ~; is the ion adiabatic coefficient. ~;T; is often ignored in cases of
cold ions, and the equation is shortened to ¢, = \/m . If most ions in the sheath
are at the sound speed, the value of the saturation current is then I,,; = gn.cs, where
q is the electron charge, n. is the electron density. Therefore, information on n. can be
extracted from I, if T, is known.

When the probe tip is biased at the floating potential V}, I. and I; balances and net
current becomes zero. Passing the floating potential, I, keeps growing until the probe
bias is equal to the plasma potential V,;, at which the electron collection saturates and
the I-V curve turns flat. Since electrons are much lighter in weight and more mobile than
ions, electron saturation current has much larger magnitude than ion saturation current.

In practice, the turning point at V}, is usually smooth. Directly pinpointing the location
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of V}, is often difficult, especially when the sheath dynamics is complicated or the plasma
density is small.
If the electron distribution is Maxwellian, I, grows exponentially in the transition

region between V; and V:

I, = [eseq(Vpr*sz)/kTe (1)

where I, is the electron saturation current and V), is the probe bias potential. The slope
of InI against V), is ¢/kT., providing direct measurement on the electron temperature.
To obtain I, in the transition and electron saturation region, I; can be extrapolated
from the ion saturation region and subtracted from the total current. This method of
separating I, and I; usually provides good enough estimation.

Another common way to obtain information on 7, and n. is by taking the second
derivative of the electron current. For cylindrical probe in isotropic plasma, I is related to

the electron energy probability distribution function (EEPF) by the Druyvesteyn formula

dI? e?Aje. | 2e
< = — £ EEPF(e. 2

where €, is the electron energy and A, is the probe electrode area. T, and n. can then

[63]:

be calculated by taking the appropriate integral of I” over the energy space:
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The Druyvesteyn method of taking the second derivative is easy to implement without
assuming Maxwellian distribution and very straightforward to interpret. However, it
requires high signal-to-noise ratio and is extremely sensitive to any small distortion on
the I-V curve.

There are several difficulties when a Langmuir probe are used in an ICP device [64].
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Since the ICP device is electrode-less, it lacks an obvious reference point for the probe.
The connections to bias source and oscilloscope should be carefully planned out. In our
setup, equipment are isolated from the wall outlet ground through cheater plugs, and
the chamber wall serves as a common reference ground. More importantly, the plasma
potential V}; oscillates with the background RF from the coil and biased electrode. In
such an environment, signal picked up by an uncompensated Langmuir probe is averaged
over the fluctuating V,;, and the I-V curve is distorted from its true shape. This leads to
an overestimated 7, and underestimated n. [65, 66].

The influence of RF background can be removed by making the probe to ground
impedance Z, much larger than the probe to plasma (sheath) impedance Z; at RF fre-
quency. This is usually achieved by a passive choke chain consisted of self-resonating
inductors. In low density plasma where Z is so high that it becomes impractical to
achieve Z, > Z, simply through a choke chain, an auxiliary coupling electrode is often

used to let the tip float with RF and therefore reduce the required value for Z, [67-70].
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Figure 7: Equivalent circuit of the RF compensation Langmuir probe in RF plasma.

Frequencies of our concern are 2 MHz from the RF source, 1 MHz from the wafer bias,
and their higher harmonics. Since the system is dual-frequency, it is simpler to design a
circuit that has high enough Z, over a broad range of frequencies, rather than multiple Z,
peaks at selective frequencies. We based our circuit on Sudit and Chen’s design [69, 70].
Figure 7 shows the equivalent circuit of the compensated probe immersed in the plasma.
The compensation circuit has four 470 pH inductors (Bournes Inc. SRR4028-471Y, 3
MHz self-resonant frequency) in series with the probe tip, and a platinum wire as the
coupling ring.

The circuit was evaluated by a Keysight E5100A network analyzer with a setting that
17



350 + 180

160

300 A
140 4

N
w
o

80 1

8]

[=]

o
L

60 4

40 4

-
wu
o

20 4

Impedance (kQ)

—
o
o

o

0 1 2 3 4 5

6
Frequency (MHz)

Figure 8: Impedance response of the RF compensation circuit.

Probe tip

Figure 9: Photo of a Langmuir probe tip with the compensation circuit and AC coupling
ring, taken before epoxy was applied to cover the circuit board.

imitated Figure 7. A metal sheet combined with a resistor was used to model the plasma
environment. The impedance response is plotted in Figure 8. Z, is 10 k2 at 1 MHz
and 25 k€2 at 2 MHz. Both are large compared to the plasma resistivity measured to be
around 1 k(2 at the center of the chamber. Z, reaches 350 k2 at 4.5 MHz, and maintains
well above 10 k2 at higher frequencies.

The circuit is placed as close to the probe tip as possible to avoid extra capacitance,
as shown in Figure 9. When in use, the circuit board is covered by epoxy to be shielded
from direct contact with the plasma, and the coupling ring is wrapped around the ceramic
tube exposed to the plasma.

In addition to the RF background, effect of negative ions should also be considered
when using Langmuir probe in processing plasma. It changes the effective sheath size
and ion velocity at the sheath edge. The difference in mobility of negative ions and
electrons causes the formation of a negative ions free sheath around the probe. This
makes negative specie measurement very prone to error [71]. Amemiya [72] and Bredin
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et al. [73] thoroughly discussed the challenge and limitations of using Langmuir probe
in electronegative environment. In general, saturation current analysis is favorable in
plasma with lower negative ion concentration, with the appropriate sheath correction
and model. EEDF analysis is favorable in plasma with higher pressure as distinctive

energy peaks of electrons and negative ions maybe observed.

2.3.2 Hairpin Probe

A hairpin probe provides measurements on local electron density. Compared to a Lang-
muir probe, it has the advantage of being relatively immune to surface contamination
and fluctuating plasma potential V. The tip of a hairpin probe is a U-shaped resonator

(hairpin’) whose resonance frequency is [74]

C

2(2L + w) /€

where L is the length of the hairpin leg, w is the width between two legs, ¢, is the

fr = (5)

relative permittivity surrounding the probe and c is the speed of light.
In vacuum, ¢, = 1 and the resonance frequency is fo = ¢/2(2L + w). In an unmagne-

tized plasma, €, is shifted from the unity:

& =1- f_l; (6)
2
= (7)

where f, is the plasma frequency, e is the electron charge, m. is the electron mass, €
is the vacuum permittivity and n. is the electron density. For f = f,, it can be derived
from Equation 5 that f? = f2+ fg. Therefore n. in the surrounding of the probe surface
is related to f, by a simple relation:

€0Me

ne = e (72— g3 ®)

Corrections can be included to account for the sheath effect around the cylindrical
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hairpin. At higher pressure, collisions should also be considered. Sands et al. [75]
suggested on a correction factor 1/(s(. in front of Equation8, where (; is the sheath

correction and (. is the collision correction

(=1- jﬁ—i rn (%I_—f()faln (5)] (9)
Ce ! (10)

1 + (Ven /27 fo)

Here a is the hairpin radius, b is the sheath radius that can be calculated from an
appropriately chosen sheath model, and v, is the electron-neutral collision frequency.

fr can be found by scanning through a range of frequencies and locate the maxi-
mum transmission or minimum reflection. In a transmission type probe, the hairpin tip
is sandwiched between two electrically isolated loop antennas, one for sending the mi-
crowave signal to the resonator, and the other for receiving the transmitted signal from
the resonator. In a reflection type probe, only one loop is used and the reflected power
is measured.

We decided that the transmission type hairpin probe has better performance in our
machine. The two loop antennas are made from copper coaxial cables. It was observed
that the bending of the cable may disturb the signal, so we chose the semi-rigid coaxial
cable UT-034M from Amawavel9 with OD = 0.034 in. (0.87 mm)

The tip of the cable is stripped and wrapped around a cylindrical tool to form a loop.
The loop is closed by soldering the inner conductor to the outer conductor. We keep the
insulator layer of the coaxial cable on the loop except for the solder point to ensure that
the loops and hairpin are electrically isolated.

The remaining cables are shielded in a cylindrical stainless probe shaft with free
opening on one end and limo connections on the other end. A short ceramic tube is fitted
into the open end to support the coax cables and loops that stick out from the shaft.

The hairpin was made by bending the wire into a U-shape and then trimming it into
the desired length according to Equation 5. The position of the hairpin with respect to

the two loops were tested out experimentally. We used a network analyzer to measure
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Figure 10: Magnitude of the transmitted power s-parameter S12 of the hairpin probe,
obtained from a frequency scan on a vector network analyzer. The S12 magnitude is
plotted on linear scale with arbitrary unit.

the transferred power s-parameter S12 (with input cable on port 1 and pick-up cable on
port 2) over a range of relevant frequencies. The shape and position of the hairpin were
optimized so that the peak of S12 was as sharp as possible.

Figure 10 shows the measured S12 magnitude of one of the hairpin probe in air.
The transmitted power has the strongest peak at 2.367 GHz, and a weaker peak at the
harmonics around 6 GHz. The full width of half maximum (FWHM) of the resonance
peak is 0.08 GHz, which is the resolution of our measurement (~ 2 x 10%m=3 at f,). The
quality factor (Q factor) of the probe in air is around 29.

fo measured in the pumped-down plasma chamber is consistent with the resonant
frequency in Figure 10. Therefore we decided that network analyzer measurement in air
can be used to assess probe performance in vacuum as well.

The probe circuit was designed and made in-house for affordability. Figure 11 ex-
plains the basic workflow of our circuit. A voltage controlled oscillator (Analog Devices
HMC586LC4B) converts 0 - 18 V control voltage into 4 - 8 GHz microwave signal, which
is divided by 2 through a static divider (Analog Devices HMC432ETR) and coupled to
the input loop. Signals picked up by the other loop is amplified and then down-converted
by an IQ mixer (Marki Microwave MMIQ-0205HSM), with the picked up signal on RF
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Figure 11: Schematic diagram of the hairpin probe circuit.

port and transmitted signal on LO port. The I and Q output from the mixer, along
with the monitored control voltage, are recorded on the oscilloscope. Depending on the
plasma condition, combinations of amplifiers were used to improve signal-to-noise ratio.

The time resolution of the probe is mainly limited by the mixer circuit, which has
an overall response time of approximately 10 ps. The hairpin leg is 2 ¢cm long and thus
confines the spatial resolution.

Applications of hairpin probe, when combined with other techniques, can be extended
beyond electron density measurement. Probe assisted photo-detachment method mea-
sures negative ion density n_ by detaching the electrons from the negative species using
laser energy, and then tracking the local increase in n,. using a hairpin probe [76, 77].
When the photo-detachment process is saturated, the change in n, is an absolute mea-
surement of n_. By coupling the hairpin to dc voltage and comparing the varying sheath
width to the appropriate model, various parameters including the electron temperature,

plasma potential and electronegativity parameter o = n_/n. can be obtained [78].

2.3.3 Magnetic Probe

The magnetic probes, also called Bdot probes, measure the induced magnetic field using
Faraday’s Law. The probe tips consist of n turns of conducting loops that develop electric

potential in a changing magnetic field:

= — | == 11
]{E di A (11)
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where F is the induced electric field, B is the background magnetic field and Ais the
area of the loop.

The voltage picked up by the Bdot probe is then a direct measurement on the time
derivative of the magnetic field, as the probe name suggests. B can be reconstructed from
integrating a time series measurement over time, and E can be calculated by integrating
a multi-dimensional measurement over space.

Using Ampere’s law

— —

V x B = poJ (12)

the induced current .J can also be calculated by taking the curl of a multi-dimensional

measurement.

Figure 12: Probe tip of the three-axis 3.4 mm diameter Bdot probe, shielded with epoxy.
Distance between the center of each loop is 5 mm

In this lab we use a three-axis Bdot probe which consists three 3.4 mm diameter single
turn coaxial cable loops, facing orthogonal directions with respect to each other (Figure
12). The probe tip is made as compact as possible. The offset distance between each
loop is 5 mm.

A small part of the outer conductor of each loop is carefully scrapped off, so that the
inner conductor detects the changing field and the outer layer is open at the loop and
connected to the circuit common on the other side of the probe shaft. The signals go
through a three channels 100 gain 150 MHz differential amplifier before being digitized.

Before use, the probe is calibrated on a network analyzer (HP E5100A, 10kHz to
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180 MHz), as shown in Figure 13. A Helmholtz coil was used to generate a reference
magnetic field. The frequency response of the probe was obtained by comparing the
probe output V,, to the Helmholtz coil input V,.;. In the relevant frequency range (<60
MHz), the V,,./V,es shows positive linear relationship with the scanning frequency. The

linear regression coeflicient is taken as the calibration constant.
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Figure 13: Block diagram of calibration setup for Bdot probe.

2.3.4 Laser Diagnostics

The lab is equipped with a frequency-doubled (532 nm) Nd:YAG laser (Spectra Physics
Pro-230) which pulses at 10 Hz, and a tunable dye laser (Sirah CSTR-D-532) pumped
by the Nd:YAG laser. Both lasers are set up on an optical table in a separate laser room.
The laser light can be transmitted to the adjacent ICP room through an optical fiber, or
directly through a hole drilled on the wall. Experiments conducted with laser diagnostics
in this lab include photo-detachment using the direct output from the Nd:YAG laser, and
laser-induced fluorescence (LIF) using dye laser output tuned around 611.661 nm.

The dyes used for the tunable laser are mixed in house, with primarily Rhodamine

dyes dissolved in high purity methanol or 200 proof ethanol. Figure 14 shows the emission
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spectrum of the dye laser using a mixture of Rhodamine 610 and Rhodamine 640 [79].

The laser has a narrow line width of 0.00136 nm when tuned to the maximum efficiency.

Laser Intensity (a.u.)

lllllllllIIIIlIIIIIlIlIIII IIIIIIIIIIIIIIIIIIIII

P R S
614.975 614.980 614.985

Wavelength (nm)

Figure 14: Spectrum of Sirah CSTR-D-532 dye laser obtained using a Fabry-Perot inter-
ferometer. The laser is tuned to the maximum efficiency for the dye mixture (Rhodamine
610 / 640 in methanol). From B. Jacobs’ thesis [80].

The Nd:YAG laser accepts external trigger which can be synchronized with ICP
source/bias and remotely controlled through Ethernet connection. The tuning of the
dye laser is motorized and can be remotely controlled through serial communication. A
wavelength meter (HighFinesse Wavemeter WS-6), regularly calibrated by HeNe laser, is

used to read laser output wavelength and monitor its quality.

2.3.5 Michelson Interferometer

Microwave inteferometry provides non-intrusive measurements on the plasma properties.
Signals travelling through different mediums undergo changes, and therefore the compar-
ison between the initial signal and the detected signal exiting a plasma volume provide
information on the plasma. A common diagnostics is to measure the plasma-induced

phase change which is directly related to the line-integrated electron density along the
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beam path: [81]

%:%/{)L(l—,/l—w;/w%dl (13)

where ¢, is the phase shift in plasma, w is the vacuum frequency of the probing
microwave signal, ¢ is the speed of the light, e and m, is the electron charge and mass, L
is the length of the beam path inside the plasma, and w, is the plasma frequency which
is a function of electron density.

For low density plasma and high interferometer frequency, w, < w. The equation is

then simplified to

e

dy= — /0 n(1)dl (14)

2ceqmew

where n.(() is the electron density as a function of the position [ along the beam path.

Figure 15: Photo of the homodyne Michelson interferometer.

Common types of interferometers used for plasma diagnostics include Michelson and
Mach Zender, etc. The main difference lie in the configuration of the source, detector
and beam path. In this lab we use a swept frequency Michelson interferometer as shown
in Figure 15. A homodyne horn acts as both the source and the detector. The signal
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enters through one of the pyrex view port on the side of the chamber and gets reflected
by the chamber wall, travelling through the beam path twice.

Swept frequency interferometer was developed by Scime et al. for density measure-
ment in steady state plasma, modified from the classic design of a zebra-stripe interferom-
eter developed in the 1950’s [82]. For w, < w, the group delay of frequency swept signal is
directly proportional to the line-integrated density. For typical processing plasma density
(10'2cm™3), the plasma frequency is around 9 GHz. The frequency of our interferometer
is 60 GHz.

Figure 16 explains the circuitry setup. A 1 MHz voltage sweep (Figure 16(b)) is
supplied to a Gunn diode, which put out a microwave signal in the range of 60 GHz to
slightly above 60 GHz. The signal is transmitted to the horn through an isolator and a
directional coupler. The use of a homodyne horn is made possible by taking advantage
of directional coupler’s defect. The superposition of a intentionally leaked signal (plasma

leg) and the passed signal (reference leg) is [82]:

M(t) =2Asin <wt + W) oS (wt + W)

+2(B — A)sin (wt + ¢, + ¢2)

(15)

where A is the amplitude of the plasma leg signal, B is the amplitude of the reference
leg signal, w is the operating frequency of the Gunn diode, ¢; is the phase shift due to
dispersion in reference leg, ¢, is the phase shift due to dispersion in plasma leg, and ¢,
is the phase shift due to dispersion in the plasma. If the rate of change in the phase shift
(i.e. sweep ramp frequency) is much slower than the operating frequency and B = A, the

time-averaged signal to be detected is

S(t) = (|M(D)]2) o 242 cos? (W) (16)

The mixer output is tuned by changing the voltage range of Gunn diode sweep, until

the output signal has a desired shape, as shown in Figure 16(c), such that the time-
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dependent phase shift A¢(t) can be described with a constant beat frequency:

S(t) o< cos® (wpeart)

OAY() 9w DAH(L) 0w ( ks o %) (17)

Woeat = 57 T 0t w0t \ 0w | 0w

Here k, is the wavenumber in the interferometer waveguide, D is the path length

difference between the reference leg and plasma leg.

0AB(t)
ow

Note that is the definition of group delay 7,, which can be measured by com-
paring the ramp signal and the interferometer output.

The Gunn diode frequency has linear relation with the input voltage in the range that
we are operating. Therefore Ow/0t is a constant. By adjusting the Gunn diode sweep
and proper calibration in vacuum, (Ow/0t) (DOk,/0w) is set to a constant as well.

The group delay is therefore only due to the phase shift in plasma [83]:

99
Ty X 8_; (18)
Using Equation 14, we obtain a linear relation between the time delay and the line-

integrated plasma density:

7, . /L ne(1)dl (19)

2¢e0Mew?

To measure 7,, the mixer output and the Gunn sweep are filtered by a bandpass filter
with 1 MHz central frequency, before sent to a phase detector. The detector calculates
the time delay between the Gunn sweep peaks and the mixer output peaks.

While the interferometric measurement only provide line-integrated data, it is non-
intrusive and the analysis require little assumptions. It can be used to calibrate more
spatially resolved probe such as Langmuir probe and hairpin probe, whose density mea-
surement needs sheath correction. In our experiments, we compare the interferometry

data to the probe data summed over corresponding locations to determine correction
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Figure 16: Schematic of the Michelson interferometer setup. (a) The circuit diagram.

(b) The input ramp voltage to the Gunn diode. (¢) The mixer output, raw (blue) and
Gaussian smoothed (orange).
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terms (Equation 9), and thus calibrate the probes.
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3 Positive Ion Motion Above A Biased Wafer

3.1 RF sheath near a biased surface

In ion bombardment process, positive ions are accelerated from the bulk plasma through
the presheath and sheath produced by the RF bias on the wafer [84]. The geometry of a
biased electrode in a ICP device is shown in Figure 17, with the time-averaged potential
in the plasma plotted on the right. In our device, the electrode is biased with a sinusoidal
waveform at 1 MHz. A blocking capacitor prevents DC current and charging on the wafer.
The plasma potential in the bulk plasma is slightly positive. The substantial potential
drop across the sheath accelerates the ions to vertically bombard the wafer.

As shown in Figure 17, in most chamber geometry the RF bias generates a negative
DC bias Vy. on the wafer [2]. The presence of V. is one of the major reason RF is used
for surface processing. It provides net ion acceleration towards the surface, while the RF
skin effect prevents excessive damage to the surface.

The value of V. depends on several plasma parameters as well as chamber geometry.
In general, a higher pressure and consequently smaller electron mean free path result in
lower |Vy|. Similarly, higher RF source power and plasma density also lead to lower |V,
as the blocking capacitor does not have sufficient time to charge up and deforms the bias
waveform. [85, 86]. Chamber geometry, such as the ratio of electrode area to wall area
also plays important role in forming the self-bias. A larger electrode to wall area result
in lower |Vg.| [87].

For ideal plasma processing, the ion energy distributions (IEDs) and angle distribu-
tions (IADs) should be as narrow as possible, concentrating at the desired energy and
normal incidence. The angular distribution can be broadened by elastic collisions along
the path, as these momentum transfers create transverse components of the ion velocity
at the sheath edge. The thermal energy from the ion creation process may also intro-
duce transverse component to the velocity. Charge-exchange inelastic collisions near the
sheath can reduce the ion energy, in addition to broadening the angular distribution. In

spite of the importance of the ion trajectory from bulk plasma to wafer, there have been
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Figure 17: Diagram of a biased electrode in ICP. The DC component (time-averaged
value) of the potential inside the plasma is plotted on the right. The sizes of the sheath
and the bulk are not plotted in scale.
few direct measurements of the ion velocity and angle on this path.

Figure 18 shows the one dimensional electron and ion density in a collisionless sheath
near a biased electrode. Quasi-neutrality (n; = n. = ng) holds in the main plasma region
and the presheath. At the sheath edge, ions that satisfy Bohm criterion are accelerated to

the electrode. The ion density decay from the sheath edge to the electrode surface follows

1— 2ed

the energy conservation and continuity of ion flux, and has the form n; = ng
(® is the potential in sheath region, m; is the ion mass, u, is the ion velocity at the
sheath edge). The electron density n, decays by the Boltzman relation: n, = nge®®/*Te,
where kT, is the electron temperature. The Poisson equation for ®, n; and n. has a
solution only if u, is greater than the Bohm velocity cg = \/m, which necessitate
the existence of a presheath [84].

The dynamics of the sheath is sensitive to various parameters such as surface bias

and ion species to satisfy the boundary conditions. The boundary between sheath and
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Figure 18: Diagram of specie density in the sheath region near a biased electrode. From
Lieberman and Lichtenberg [84].
presheath can be ambiguous in low temperature plasma. Conventionally, it can be defined
(1) by particle composition, as the edge of the electron free region as shown in Figure 18,
(2) by potential profile, as the edge of the plasma potential as shown in Figure 17, or (3)
by ion energy, as the edge where the positive ion velocity towards the surface is equal to
the Bohm velocity [88].

In ideal situation, these three definitions mathematically agree with each other. Our
experiment directly measured ion energy, and naturally we used the last definition to find
our sheath boundary.

In the simpler case of a DC bias, Child-Langmuir law predicts the sheath size s to

have a 3/4 power dependence on the bias sheath voltage Vi, [89]:

o= L2 oy, (20)

The Child-Langmuir law are derived under the assumptions that (1) the ions are cold
(T; < T.), (2) the sheath is electron-free and collisionless (v;7; <1, v; is the ion collision
frequency and 7; is the ion transit time through the sheath), (3) energy at the sheath
boundary is negligible compared to the energy gained in sheath (k7,/e < V'), (4) electric
field is zero at the sheath edge, and (5) the plasma has quasi-neutrality in the bulk and
the presheath. These are generally true for low density low temperature plasma in touch
with a high bias voltage. The Child-Langmuir law can be used as an lower limit of the

sheath size, as analytical approach often shows a thicker sheath [84, 89].
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When the bias is oscillating at RF, the sheath geometry and the shape of IEDs depend
on the bias frequency f. The low and high RF regime is usually set apart by comparing
f to the ion transit time 7;. In an unbiased sheath, 7; is simply the inverse of ion plasma

frequency. In a biased sheath, 7; can be estimated from the Child-Langmuir law [90]:

7, = 3sy/m;/(2eVip) (21)

where s is the sheath thickness, m; is the ion mass and V}; is the sheath voltage. When
the bias RF period is large compared to 7; (1; < 7,f), the bias voltage oscillation is slow
compared to the ion motion in the sheath, and therefore ion energy is able to vary with
the bias voltage in time. The sheath dynamics is able to keep up with the bias waveform,
and therefore the thickness should also varies at the same frequency, as shown by various
numerical models [88,; 91]. The resulting IED is a bimodal distribution with a low energy
peak and a high energy peak. The width of the energy split corresponds to the maximum
potential drop across the sheath.

For 7; > 7,¢, ions experience multiple cycles of bias oscillation when traversing the
sheath, therefore the energy dispersion in IED decreases and the peaks converge to reflect
the time-averaged sheath potential V,j,. The width of the split is proportional to V;;, and
inversely proportional to tau; [92]. Experiments presented here are conducted in low
frequency regime, with 7;/7, ~ 0.13.

In experiments, ion incident angles can be directly inferred from the etch profile,
usually obtained by cutting the etched wafer and taking scanning electron microscope
(SEM) image of the cross section [93, 94]. Probes sensitive to ion flux and energy better
parameterize the plasmas, but often find difficulty in isolating the signal from the back-
ground RF. Retarding field energy analyzer, modified to be used in the presence of high
voltage RF bias, has been a popular way to measure the ion energy distribution function
[35—41]. Specie-resolved measurement can be obtained by further combining the energy
analyzer with a mass filter or mass spectrometer [39-41]. Laser based non-intrusive di-
agnostics, such as cavity ringdown spectroscopy [42, 43] and laser induced fluorescence

(LIF) [44-50], captures velocity information of a single ion species through Doppler shift
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and broadening.

LIF has the advantage of providing good spatial resolution with the use of a high
resolution camera, and temporal resolution with the use of a short-pulsed laser. Direct
images of the ion motions can be obtained, making LIF an ideal tool for studying ion
transport in small regions. However, LIF measurement is only effective in low density

plasma that has enough population of metastable ions.

3.2 Laser Induced Fluorescence Method on Ar™

T‘I ~85ns

state 14P°F_,
Laser:

A= 611,661 nm

Fluorescence:
A, = 460.957 nm

3DG,,
state 0
TO >10 us
48°D_,
state 2

Figure 19: Diagram of the Art LIF scheme. Metastable state 0 is 19.2 eV above the
ground state of the ion with the Ar ionization energy being 15.6 €V. In a plasma with T,
= 4 eV less than 3 % of the electrons are at this energy for multi-step ionization. This
results in few ions in state 0 and weak resultant optical signals.

Laser induced fluorescence (LIF) technique makes use of line transition and Doppler
shift to study ion movement. In an LIF event, an ion at some metastable state absorbs
a incident photon and jumps to a higher state. Then it quickly decays to a stable state
and emits a fluorescence photon. Since the incident photon and the fluorescence photon
have different wavelengths, fluorescence light can be easily distinguished and recorded
with the help of a narrowband optical filter. When an ion has a velocity component
with respect to the laser propagation, it experiences a Doppler shifted incident laser, and
its LIF event happens at a correspondingly shifted incident wavelength. By scanning a

narrowband tunable laser across a range of wavelengths, ion velocity can be resolved. Ion
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velocity distribution, which is proportional to the line shape of the fluorescence emission,
can thus be measured [44, 46].

With the probability of absorption scaling with |k - 7| (k is the photon wavevector, @
is the ion velocity), the LIF line shape mainly corresponds to the 1D velocity component
parallel with the interrogating laser. Multi-dimentional spatially resolved measurement
can be achieved with the use of multiple laser entry angles and a fast, high resolution
camera.

To observe Argon ion motion, we chose an incident laser center at \y = 611.661 nm
46, 48]. In the rest frame, it pumps Ar" from the metastable state 0 (3d*Gg2) to the
metastable state 1 (4p2F7/2), which then optically radiates at 460.957 nm to state 2
(48Ds/2), as shown in Figure 19. State 0 is 19.2 eV above the ion ground state and is
populated by electrons in the tail of the distribution function directly impacting ground
state ions. After being pumped by the laser, state 1 ions have a 67% branching probability
of decaying to state 2 and emitting a photon at 460.957 nm, easily distinguishable from
the pumping laser. A laser tuned to A = 611.661 nm excites metastable ions at rest,
while the moving ions are excited by the appropriate Doppler shifted wavelength. During
our experiment, the tunable laser was shifted in increments of 0.001 nm, typically across
a range of A\g £ 0.15 nm which corresponds to an ion energy range of roughly + 1600 eV.

The laser excited state 1 (4p°F7/,) has a measured lifetime of 8.5 ns [95], and stays
relatively free from collisional loses in the low temperature background plasma (7, = 4
V). On the other hand, the lifetime of state 0 (3d*Gg/2) was measured to be greater than
17 ps in comparable experiment conditions [96], and so can be quenched by collisions,
dominantly charge exchange, at frequencies greater than 6 x 10* s=!. Goeckner et al.
[50] experimentally found that significant quenching occurs at pressures above about 0.7
mTorr. We observed a significant drop in the LIF signal above a neutral pressure of 1
mTorr, and chose to perform the experiments at around 0.5 mTorr.

IED is constructed from the LIF signal corresponding to the absorbing laser wave-

length. The ion velocity v parallel to the laser propagation is related to the Doppler

shifted absorbing wavelength by A — Ay = v)/c.
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In energy space, the conversion is

2 _ 2 — 2
B =2 A= (J) =1.86 x 10" Ao (eV) (22)
2 )\o )\0

where m is the mass of an argon atom, E) is the ion energy parallel to the absorbing

laser wavelength, ¢ is the speed of light in SI units and A\g = 611.661 nm.

3.3 Experimental Setup

The chamber pressure was kept at 0.5 mTorr. The feed gas was a mixture of (purity
99.999% Ar and O, at a ratio of 95:5. The small amount of Oy was needed because the
Ar ion bombardment produces sputtered Si, which would coat the window. O, is able to
react with Si atoms and remove them as volatile gas through the pumping system. The
amount of negative ions do not affect the sheath-wafer interaction [86].

The plasma reproducibly reignited when the ICP was pulsed on and off at pressures
greater than 5 mTorr, but had difficulty igniting for the first time at 0.5 mTorr. To
overcome this, we started at a higher pressure to ease breakdown, and then decreased
the pressure to the desired value. The ICP was pulsed between high and low powers (550
W and 125 W) so that the plasma was never completely extinguished. There was no
visible breakdown during the low power interval, which we treated as plasma afterglow.
Measurements were performed with the wafer bias either on or off, when ICP was at high
power or in the afterglow.

The optical setup and triggering scheme are shown in Figure 20. The laser light
was produced by a dye laser (Sirah CSTR-D-532) pumped by a Nd:YAG laser (Spectra
Physics Pro-230) with a center wavelength of 611.661 nm, linewidth of 0.000136 nm and
pulse length of 8 ns. It was transmitted via an optical fiber from the laser room to the
adjacent ICP reactor room, and made into a sheet of light through a combination of
cylindrical lenses. A 461 4+ 0.5 nm narrow bandpass filter and a CCD fast camera (PCO
Dicam C1) are used to capture the LIF signal from a window on the side of the chamber

transverse to the beam path.
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Figure 20: Diagram of the experimental setup illustrating the optical path. Here the
beam is shown to enter the plasma chamber horizontally. A group of mirrors can be
inserted in the beam path to make the beam enters vertically towards the wafer.
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Figure 21: Side view of the plasma chamber (not to scale). The reader’s perspective is the
same as the fast camera’s. The laser sheet can enter the chamber horizontally above the
wafer, or vertically towards the wafer by placing two 45° mirrors in front of the horizontal
beam.
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Figure 22: Photo of the experimental setup (a) on the side of the incoming laser beam
and (b) on the side of the camera.

Figure 21 details the entry of the laser into the chamber, horizontally (parallel to the
wafer) or vertically (towards the wafer). A photograph of the setup is shown in Figure
22. The data were recorded alternatively with horizontal and then vertical beams under
the same condition. Thus ion transport and ion flow patterns in two dimensions were
measured and calculated. Optical access limited the field of view to a maximum of 2.5
cm vertically X 5 c¢m horizontally. To capture LIF data above both the edge and the
center of the wafer, separate data runs were conducted and the camera was re-positioned
accordingly.

LIF data were acquired at three different setup conditions:

(1) when the 2 MHz ICP was on high power (i.e. in the plasma glow) and the 1 MHz
wafer bias was switched on;

(2) when the ICP was on high power and wafer bias was off;

(3) when the bias was switched on after the ICP switched to low power, i.e. in the
plasma afterglow.

Figure 23 illustrates the timing of case (1) and (3), while (2) is just (1) without bias.
Each ICP high power pulse had a duration of 12 ms, at a 10 Hz repetition rate. The bias

voltage on the wafer plate turned on at 7 ms after the start of the ICP high power and
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Figure 23: Timing chart of the data acquisition during one plasma pulse, for case (1) and
(3)-
continued for 4 ms in case (1). For both case (1) and (2), the 8 ns laser pulse fired at 10
ms.

Figure 24 is a timing diagram for the afterglow experiment. For case (3) in the
afterglow, the bias turns on 10 us after the ICP high power pulse, and the laser fires 30
us after the high power pulse. The time axis is relative to the laser firing. The photodiode
integrates the incident laser light, and its derivative gives the laser intensity in arbitrary
units. On the time scale of the laser pulse, the photodiode signal immediately rises,
allowing us to determine the exact timing of the laser firing. The coil voltage is measured
across the RF coil situated outside the chamber. The photodiode captures light from both
plasma and laser. As the coil voltage switches to the low state (1/4 of the high state),
the plasma density starts to decay, as indicated by the dropping photodiode signal. The
laser gives a sudden rise to the signal.

On top of the main trigger, the laser firing time can be fine-tuned with respect to the
bias voltage, and therefore the LIF measurement can be phase resolved with a resolution
of 8 ns out of the 1 us RF bias period. The camera exposure lasted 60 ns and was
triggered in such a way that the LIF emission resulting from the entire laser pulse was

captured.
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Figure 24: Detailed timing of case (3) in afterglow, showing the ICP coil voltage amplitude
(red), peak-to-peak applied bias voltage (blue) and photodiode signal (green).

3.4 Data Acquisition and Image Processing

The raw camera data was automatically binned over 4 adjacent pixels that were then
averaged into a single pixel. A typical image has 752 pixels along the wafer and 551
pixels above the wafer. Each pixel contains a 12 bit number. At each scanned wavelength,
data consisting of about 2.0 x 10° photons per acquired image at the peak wavelength
was collected and averaged over 500 to 1000 acquired images. All the raw camera images
were stored in HDF'5 files as groups of 2D arrays, then read into Python for further image
processing using NumPy with SciPy image processing.

The view of the camera is calibrated with a 2D graticule placed at the location of the
laser sheet path. The camera is adjusted until the graticule is on focus, and a photograph
was taken to determine that each (x, y) square pixel was 0.018 cm wide in the image
plane.

There were substantial background lights despite the narrow band filter set in front
of the camera. The sources include photons from the metastable state due to population
of state 1 by electron impact, camera heat noise, and plasma emission that entered the

bandpass filter at an angle. These are carefully subtracted at every laser wavelength as
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illustrated in Figure 25.

The images in Figure 25 document the processing of a raw LIF signal taken with a
horizontal laser beam at the line center wavelength (corresponding to zero parallel veloc-
ity) in one representative case. After acquiring the averaged LIF signal (Figure 25(a)),
the camera was triggered 200 ns later to capture an averaged background image(Figure
25(b)). 200 ns is well beyond the laser pulse (8 ns) and the lifetime of the excited state
(8.5 ns). Note that Figure 25 uses different color scales for better visual effect. (b) is
much dimmer than (a) on an absolute scale. The background was acquired at every
wavelength, and subtracted pixel-by-pixel from the LIF signal during the data analysis.

A typical data run spanned 450 wavelengths taking approximately 10 hours. The
background subtracted LIF images were smoothed with a Gaussian filter over 4 pixels

and then a Butterworth filter was applied to remove high frequency noise.

3.5 Results
3.5.1 Self-bias and Ion Energy

The bias RF voltage is a sinusoidal waveform
1 .
5‘/;917 sin(27 ft) + Ve (23)

where V,,, is the peak-to-peak voltage, f is 1 MHz and V. is the DC self-bias developed
on the electrode surface, as depicted in Figure 17.

Before the LIF experiment, the exact voltage on the wafer was investigated. A metal
plate was placed at the center of the wafer and its voltage was measured by a high
voltage probe attached to a coaxial feed-through. Assuming the setup does not affect the
sheath potential and the capacitance of the metal plate is negligible, this is practically a
measurement on the sheath voltage Vy, = Vr —V,,, where V), is the plasma potential, and
Vr is the voltage on the electrode (“target” voltage).

The time-averaged V), was previously measured by an emissive probe. Close to the

wafer, time-averaged V,, is less than 10 V. Significant oscillations from the source RF power
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Figure 25: Sample images to show the image processing procedure. (a) The direct output
from the CCD camera taken during the laser firing at 611.661 nm. (b) The background
photo taken 200 ns after (a). (c) The post-processed image, obtained by subtracting
pixel by pixel the 7(b) from that in 7(a) and applying a Butterworth filter and Gaussian
smoothing over 5 pixels.
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(2 MHz) is confined to only a few centimeters below the antenna by plasma shielding.
Therefore in this experiment V,, can be viewed as a constant [60]. It will be shown later
that during most part of the bias RF cycle, the measured amplitude of Vi is much larger
than V,, so the instantaneous potential drop across the sheath can be approximated by
Vi = Vi for most period of time. The largest energy gained by ions traversing the sheath
is then eV7.

In general and rigorous terms, ions react to a “damped” sheath potential V; damped
by the ion transit time. The relation to the instantaneous sheath potential is [97]:

dVy

o fnm + Va(ft) = Vap (24)

For small 27 f7;, the damping effect is minimal and V; ~ V,. Ions react to the
instantaneous change in the sheath potential. It is safe to say that measurement on Vi
is a direct assessment on ion energy gain.

The exact value of Vi, = Vp — V, can be calculated analytically from the external
applied bias voltage and the geometry of the chamber using equivalent circuit model [90,
98]. The simplest equivalent circuit for RF sheath near a biased electrode in ICP typically
looks like Figure 26 [98]. C} is the blocking capacitor, Cy, is the sheath capacitance, V,
is the applied RF bias voltage and V}, is the plasma potential in the bulk. The ion current
I; is modeled as a steady current flow to the wafer at the Bohm velocity: I; = eAugn,
where A is the electrode surface area and n is the ion density at the edge of the sheath.
The resistive flow of electron current I, through the sheath is modeled as a diode with
I. < exp [(eVin(t)) / (KTe)]. A displacement current I, flows through Cy, balances I, and
I; so that the net bias effect is sinusoidal.

Some equivalent circuits include further details and components, such as the complete
RLC circuit for the blocking capacitor, matching network circuits, separate calculation
for sheath-wall capacitance and sheath-wall capacitance, etc. These details are important
for fine tuning of the wafer waveform and IEDs.

Figure 27 compares the measured wafer waveform V during active glow in case (1)

and during the afterglow in case (3) to the applied waveform. The applied waveform was
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Figure 26: The equivalent circuit of a biased electrode and sheath in ICP.

measured at the external terminal of the bias power supply. In both cases, the wafer
waveforms almost exactly follows the sinusoidal shape of the applied waveform, albeit a
slight phase change. This is commonly observed [86, 99] due to the blocking capacitor
unable to fully catch up with bias frequency. A temporal investigation at the onset of the
bias shows bigger distortion and and phase delay on wafer waveform, but the waveform
is quickly stabilized to Figure 27 by the tuning network of the blocking capacitor.

The measured V. in plasma active glow phase is approximately 90% of the RF am-
plitude: V. ~ —0.9(3V,,). The maximum potential during the peak of the cathodic
portion of the RF cycle reaches —0.82V},,. The positive peak of the waveform shows some
small amplitude oscillation due to the thinning sheath which causes changes in sheath
capacitance.

According to Equation 21, the ion transit time across the sheath is 7; ~ 0.13us.
Our system is in the low RF regime and therefore ions entering the sheath are largely
able to follow the instantaneous voltage waveform, as opposed to responding to the time
averaged potential. The most energetic ions are expected to strike the wafer with an
energy approaching 0.82V,,, ~ 980 eV.

In afterglow, the plasma density is substantially lower. The bias waveform seems

smoother during the positive voltage part, presenting less oscillations. The maximum ion
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Figure 27: The bias voltage measured on the wafer during the active glow for case (1)

(solid orange), during the afterglow for case (3) (dashed dotted green), and the applied
voltage (dashed blue). The wafer waveform practically corresponds to the sheath voltage.
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energy in afterglow approaches -1050 eV.

After the measurement, the metal plate was taken out from the chamber during the
LIF experiment to avoid interfering with the LIF signal and boundary conditions. Since
Vr couldn’t be monitored simultaneously with the LIF event, the experiments discussed
below were all designed and triggered according to the applied voltage V.

Ar* ions undergo charge exchange collisions with Oy having a cross section for energies
of a few eV of 2—4x107'¢  c¢m? with rate coefficients of 1071° cm3s™! [100]. For a gas
pressure of 0.5 mTorr, the mean free path between charge exchange collisions of Art with
O, for a gas temperature of 600 K is above 10 m. Given the size of the chamber, Ar™
ions are likely not being depleted by charge exchange collisions with O,. The symmetric
charge exchange collision of Art with Ar at a few eV is about 20 x 107!¢ ¢m? which
produces a mean free path of about 70 cm [101], increasing to about 150 cm at 100 eV.
One might then expect some mild amount of charge exchange that would contribute to
thermalizing the low energy part of the velocity distribution.

Representative IEDs for setup case (1) and (2), i.e. with or without bias during the
plasma glow, are plotted in Figure 28, 29 and 30. The side of the function corresponding
to ions moving towards the wafer is highlighted. The other side of the IEDs are either
symmetric or flat.

The positions z = 0 and x = 0 correspond to the surface of the wafer and the edge
of the wafer. The x positions are chosen to be far enough from the wafer edge that the
plasma is generally uniform along the wafer surface and the distributions don’t show
significant difference with a change of x.

The distribution functions of ion velocity parallel (horizontal) to the wafer, fy(E),
are shown at a height of z = 0.69 cm (at the edge of the sheath) and z = 4.03 cm (in
the bulk plasma) in Figure 28. fg(F) at both heights are essentially the same with and
without a wafer bias. This is as expected since the bias mainly effects vertical ion motion.
We only show the no bias case here. Beyond -40 eV, fy(F) falls completely below noise
level (blue region), indicating an absence of high energy ions.

fu(E) entering the sheath sets a lower limit on the angular spread of ions striking the
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substrate. The minimum angle is § = \/W where Er is the transverse energy and V
is the substrate bias voltage. fy(FE) is symmetric in both negative (inward moving) and
positive (outward) moving directions, implying an isotropic distribution. The FWHM
(full width half maximum) of fg(FE) is 0.3 €V, which is commensurate with the computed
ion temperature for similar conditions.

The vertical IEDs, fy(FE), without a bias at z = 0.67 cm and z = 4.09 cm are shown
in Figure 29. The FWHM of the no bias fy(E) is 0.3 eV, similar to that of fy(F),
which again implies a largely isotropic distribution. Unlike fy(F), however, fy (FE)s show
an asymmetry with a velocity component commensurate with the sheath voltage drop
directed downwards towards the wafer.

When the bias is applied, fy(E) broadens, and shows distinct feature near the sheath
region. Figure 30 shows a case of fy(F) with a V,, = -1200 V bias for heights of z =
0.345 cm (sheath), 1.38 cm (sheath edge) and 3.11 cm (bulk plasma), acquired when
the applied bias is at the most cathodic phase. At the height of z = 3.11 cm, which is
well above the sheath edge, fi/(F) contains ions that are accelerated down the plasma
potential towards the sheath. In this reactor, the plasma potential is at its most positive
value near the middle of the chamber (z = 9.5 cm) [51]. Close to the sheath edge, fv(F)
extends to higher energies. At z = 0.345 cm, the maximum ion energy (above noise)
directed towards the wafer is up to 660 eV.

To further illustrate the effect of RF bias, a 3d contour map of fy(£) with V,, =
-1200 V at all z is plotted in Figure 31, from which Figure 30 can be viewed as cross-
sectional slices at selected z values. The presence of the high energy ions is visualized as
a “ridge” extending to negative energy (directed towards the wafer) as high as 820 eV.
The thickness of the “ridge” in z is 0.3 c¢m, indicated by the yellow double arrow on the
axis, which we approximate as the sheath thickness.

Figure 27 shows that the maximum ion energy for acceleration from the sheath edge
is 980 eV. In our experiment no significant LIF signal was obtained beyond 820 eV at
the most cathodic phase of the applied bias. This is likely due to the low plasma density

very close to the wafer (1 to 2 mm) and ion density scales inversely with ion speed for
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Figure 28: Normalized IEDs of horizontal velocity (along the wafer), plotted on a loga-
rithmic scale. The wafer was not biased. The semi-transparent blue rectangle indicates
the noise level.
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Figure 29: Normalized IEDs of vertical velocity (negative energy means downwards to the
wafer), plotted on a logarithmic scale. The wafer was not biased. The semi-transparent
blue rectangle indicates the noise level.
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Figure 30: Normalized IEDs of vertical velocity plotted on a logarithmic scale. The wafer
was biased at V,, = -1200 V. LIF was taken at the most cathodic phase of the applied
RF bias. The semi-transparent blue rectangle indicates the noise level.

a collisionless sheath in which ion flux is conserved. A phase delay between the applied
bias voltage and the ion motion is also observed, illustrated in Figure 34. The maximum
energy might be easier to detect at a phase other than the most cathodic.

For case (3) in the plasma afterglow, measurements are particularly difficult as there
must be sufficient number of electrons to populate state 0 (3d*Gg2) with an excitation
energy of 19.2 eV (Figure 20). Collecting a sufficient number of photons to be above
noise requires that the electrons in the afterglow are still warm. It was experimentally
determined that there was sufficient signal to perform LIF 30 us after the ICP switched
to low power (i.e. 20 us after the initial bias pulse), and no later than that. The wafer
bias pulse was turned on 10 us after the ICP switched to low power.

fv(E) as a function of height in afterglow is shown in Figure 32 at x = 4.6 cm. The
applied bias of Vpp = -1200 V is at the most cathodic phase. As with measurements
when the ICP is on high power, fy/(E) is dominated by a low energy component in the
bulk plasma (z > 0.5 cm). At distances less than 0.5 cm, there is gradual acceleration
to about 175 eV. Upon entering the sheath proper (< 0.3 cm), fi/(E) has a high energy
component peaked at 880 eV and extending to 985 eV. This value is near the expected
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Figure 32: The log of fi/(E) in afterglow as a function of height z,at x = 4.6 cm and V),
= -1200 V. Normalized color bar is shown at left.
maximum energy of about 1 keV.

Compared to case (2), fy(F) in Figure 32 has a distinctive high energy feature. The
fast ions in the sheath region are concentrated in a small band of energies close to the
wafer bias, instead of having a smooth tail extending to high energy, as seen in fi (F)

during ICP high power (Figure 31).

3.5.2 Sheath Variation

Apart from the energy-resolved data obtained at the most cathodic phase of the applied
bias, the phase-resolved LIF signal was obtained at a fixed excitation laser wavelength.
An RF compensated Langmuir probe measured the background 7, to be 4 eV. The
Bohm velocity in this case is cg = 3.1 x 10°> m/s. We defined the sheath here by ion
kinetics, i.e. the boundary at which ions enter at the Bohm velocity.
Figure 33 shows the LIF signal from an excitation wavelength of 611.6547 nm in the
vertical direction, corresponding to vi,, = 3.08 x 10? m/s. The time steps are 100 ns

apart and cover one complete bias cycle (t = 0 is at the most cathodic phase).
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Figure 33: LIF signal at 611.6547 nm (v;,, =~ cp) at 11 time steps, each 100 ns apart,
covering one wafer bias cycle. t = 0 corresponds to the most cathodic phase of the
applied bias. The top left panel shows the original photo, with a green box indicating the
zoomed in field-of-view of the other panels. Arrows in panels t=0 and t=600 ns highlight
the sheath thickness variation.
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Figure 34: Sheath thickness as function of time (brown solid line) in one RF bias cycle
from Figure 33. The applied bias voltage measured outside the chamber (blue dashed
line) and the voltage on the wafer (green dashed line) are also plotted, with axis of values
on the right. The red dots mark the instantaneous voltages when the laser fired.

The sheath is represented as the dark area where the LIF signal significantly drops
and falls below noise level. The sheath edge at the most cathodic phase of the applied
bias (t = 0) agrees well with the sheath seen in Figure 31. The bottom of the sheath
shows some spatial oscillations. If these oscillations were not from systematic errors,
they might be candidates of some instability effects. Recently, electrostatic flow-driven
instability has been predicted and observed in presheath, which can cause ion-acoustic
fluctuations [102]. However we failed to find a stable structure and wavelength associated
with the oscillation we saw. Since the LIF data acquisition is phase-locked to the bias
voltage and averaged over multiple pulses of plasma, information needed for investigating
the sheath surface fluctuation may be distorted or lost during the averaging. Also, the
LIF signal was extremely weak close to the sheath and further investigation on this with
the current setup proved to be difficult.

The motion of the sheath along the RF cycle is clearly visible and its height varies

from 6z = 0.32 to 0.17 cm. The thickness of the sheath as a function of time in one RF
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cycle is shown in Figure 34. The motion is observed to respond to the instantaneous
potential change, yet not completely in phase with the wafer voltage.

Near a high bias voltage (eVy, > kT,.), the sheath capacitance is [90]

Cop = KV, 3/ (25)

where the constant term K is related to the electrode surface area A, electron temperature

T. and bulk plasma density ng:
K ~ 0.327A\/enye (/{;Te/e)l/4

In the low frequency regime and high bias potential, the sheath is resistive and the
electron current is negligible (I; > 1) [90]. Using the equivalent circuit in Figure 26,
the instantaneous sheath resistance Ry, can be estimated by Vi, /I;. The time constant
of the sheath circuit at the most cathodic part of the waveform is approximately 7., =
R, Cy, = 0.023us in our experiment. This is far from sufficient to explain the delay we
observed between the applied voltage and sheath expansion response. To account for
the ion inertia effects, a more accurate description on the blocking capacitor C} and its

tuning network is possibly needed, yet unfortunately not accessible to us.

3.5.3 Bulk Drift and Ion Angles

The net drift speed is inferred by locating the peak of the velocity distribution function
relative to A\g (E = 0 eV). The technique to determine the bulk drift is illustrated in
Figure 35 where the vertical LIF signal shows a shift of the main peak to the blue,
corresponding to ions drifting towards the wafer. The smaller peak to the red side is due
to light reflected from the wafer and is symmetric with the main peak. In cases where
ions drift upwards the largest peak is to the red side of Ag.

The ion motion in case (1) and (3), near the edge of the wafer (x = 0 cm) and near
the center (x = 15 c¢cm) are shown in Figure 36 and Figure 37 respectively. The data

in both plots indicates only the drift motion and does not include the high energy ions
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Figure 35: fy(F) at z = 11.3 mm, zoomed in on the peak that has a blue shift of 2.3 eV.
The wafer is biased at -1200 V.

accelerated in the sheath. In case (3), the laser was triggered at one phase point in the
coil current. In case (1), the laser was fired at the most cathodic part of the applied bias
waveform, which is also phase locked to the coil current. For visual clarity, 1% of the
arrows at randomly selected positions are drawn.

In region beyond the edge of the wafer (x < 0) over the electrostatic chuck, LIF
measurements indicate net drift of Ar ions vertically upwards.

The background ion drifts have the largest vertical components when close to the
surface of the wafer. They are far higher, of course, when the wafer is biased and the
sheath is expanded. (e.g. Figure 30). With and without bias there is an abrupt change
in the drift pattern near the wafer edge. When the wafer is unbiased the edge drifts are
smaller. In this case the maximum drift of 6 €V is about three times the sound speed
(based on T, = 4 eV). In the biased case, very little upward drift is observable past the
wafer edge. The ion drifts in the afterglow with and without bias is shown in Figure 38.
Here the highest energy ions are included.

The plasma etching of HAR features requires that the angles of ions incident on the

wafer are near normal (§ = 0 degree). The ion angle is experimentally obtained by

1/2
RUAS 1 (Ez
— ) = — 2
0 = tan (Vz) tan (Ez) (26)

The total velocity close to the wafer is determined by the horizontal drift velocity v,

26
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Figure 36: Ar ion drifts near and at the edge of the wafer (x = 0 cm) when it is unbiased
(a) and (b) with a -1200V bias. The ICP antenna is at high state. The drifts are in
energy (eV). The largest arrows correspond to 6 €V in both cases. The position of the
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