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High-speed and precise laser interferometry developed

for plasma electron-density diagnostics
L— Y —FHatic & 57 7 XY BFHEBOBE - BHEM

Laser interferometry is an optical method typically utilized to measure refractive
index and distance. It is also known that the interferometry can detect electron
density in plasmas by detecting the refractive-index variation induced by electron
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generation. Measurement technologies of the electron density are necessary for
development of plasma material processes including those used in semiconduc-
tor device fabrication, since electron collision reactions such as ionization, exci-
tation, and dissociation are keys to control plasma-assisted deposition and
etching processes. The author has studied the laser interferometry to achieve
more precise electron-density measurements by developing new interferometry
arrangements. Detection speed of the refractive-index variation and elimination
of gas-number density effects on the total measured signal are the main topics
of this study.

L—%—TF 5t 3MEDEINER P2 E D 2 ERICAE T 2XFNFE
THY, 77 AIREIHIEINRLE EIRA S5 E TCETRESKHPFIET
HBZEPHMON TS, FBHEEICHADL P EEME TvF 770w
ICAVWS WA EERIFTFH T 5 X vhDIEZRICHETIX, EFERICLSE
BE - BhiS - P FHEBERICHY ERLGNUEEZ LY, BFREOSHARMIET X
YTAEABMORRICR P E LV EE, EROL—F —THEtDEERE
BERRSE, BIETAOERILX T ABELE O EREL XKL
SWIELGBFREAEZBIELMEZED TV S,

Introduction
This thermal non-equilibrium feature of the plasmas

In various thin-film deposition and etching processes for enables us to drive chemical reactions which are neces-

semiconductor device fabrication, plasmas, which is ion-
ized gaseous media possessing electrons, ions, and radi-
cals, are widely utilized to drive chemical and physical
reactions. In the deposition and etching processes, “thermal
non-equilibrium” (also called as “low-temperature”) plas-
mas generated at low gas pressures in a range of 1~100 Pa
are typically used. The “thermal non-equilibrium” is a
category of plasmas where electron energies (electron
temperatures) are significantly higher than translational
motion energies of other particles (gas temperatures). The
electron temperature is a temperature value defined when
the electron energy distribution function is Maxwell-
Boltzmann distribution. Typical range of the electron and
gas temperatures in the plasma processes are over 10,000
K for electrons and from room temperature to 1,000 K for
gases.
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sary in the thin-film deposition and etching processes,
under conditions that the gas temperatures are lower than
the temperatures needed to trigger the reactions in ther-
mal equilibrium processes. Also, it is possible to fabricate
materials those cannot be stable in thermal equilibrium
states, by the thermal non-equilibrium plasma processes.
In the semiconductor device fabrication, the thermal non-
equilibrium plasmas are utilized in various processes
such as in PE-CVD (Plasma-Enhanced Chemical Vapor
Deposition) of amorphous silicon (a-Si) and silicon nitride
(SiN) thin films, magnetron sputtering deposition of metal
thin films, and anisotropic etching forming nanometer
scale device structures. To achieve the anisotropic etching
processes, reactive ion etching utilizing synergy of reac-
tive chemical species and high-energy ion irradiation both
from the plasmas is necessary."
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In the plasma-enhanced deposition and etching processes,
it is indispensable to understand chemical reaction mecha-
nisms in and around the plasmas, and to control the reac-
tions especially on the surface of processed materials
precisely. Among the various parameters in plasmas, den-
sity and energy distribution of electrons are crucial, since
reactive species in the plasmas generated in low-pressure
atmosphere are mainly generated through ionization,
excitation, and dissociation by electron-neutral collisions.
There are some methods to measure the electron density
such as Langmuir probe, optical emission spectroscopy
(Stark broadening of hydrogen atomic emission), and laser
Thomson scattering.”! Laser interferometry, the main
topic of this article, is also a method to measure the elec-
tron density in plasmas.

Interferometry is a broadly-used optical method to mea-
sure refractive indices and distances, not only in plasma
electron-density diagnostics.” Almost measurements of
the interferometry detect phase shifts of the probing light
wave, usually by comparing phases between probing
(transmit through or reflect on the measured sample) and
reference (not interact with the sample) lights. One hears
the keywords of “semiconductor” and “interferometry”
may imagine a measurement tool of thin-film thickness
conventionally used in in-situ monitoring of deposition
and etching processes. The thickness monitoring tool is a
broadband interferometry using a lamp light source, not a
laser. The laser interferometry uses a single-wavelength
laser beam as the probing light source, that can be seen in
application areas for instance fluid dynamics observation
and precise distance measurement.

In an application of the laser interferometry to the diag-
nostics of electron densities, typical setup arrangement is
so-called CO»-laser heterodyne interferometry, explained
in the next section. Features of the laser interferometry, in
comparison with the other electron-density measurement
methods, are (1) measurement is not influenced by gas
composition and reaction mechanisms in plasmas and (2)
it continuously outputs electron-density information as
the phase shift linearly correlating to the electron density.
These features suggest that the interferometry is appropri-
ate to continuous monitoring and fault detection of plasma
generation and stability. It is expected to contribute for
achieving better control of the plasma-enhanced deposi-
tion and etching processes.

Laser interferometry
for plasma electron-density diagnostics

This chapter explains fundamentals of the electron-den-
sity measurement by the laser interferometry and its

potential issues in application to the plasma process moni-
toring. Fundamental scheme of the electron-density mea-
surement by the interferometry is similar to other
interferometry that measures variation of the refractive
index (or optical length) by detecting phase shifts of the
probing laser beam. The electron densities are calculated
from the refractive-index variation induced by electron
generation and the optical thickness of the plasma along
the probing laser path. The refractive index of a plasma is
generally expressed by a Drude model shown in
Equation 1. And Equation 2
between the phase shift 40 and the electron density n.
using the plasma refractive index Equation 1.”
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Here, w,. is the electron plasma frequency, v,, is the elec-
tron collision frequency, @ and A are the angular fre-
quency and the wavelength of the probing laser beam. It
should be noted that calculation at central “=~” in
Equation 2 has assumption that the electron plasma fre-
quency and the electron collision frequency can be

ignored in comparison with the probing laser frequency.™

The Equation 2 indicates that longer wavelength (lower
frequency) of the probing laser beam decreases a mini-
mum detection limit of the electron density. Dependence
of the plasma refractive index on the wavelength (disper-
sion) causes this feature, and it is a reason why the CO,
lasers with a wavelength in mid infrared 10.6 um are typi-
cally used in the electron-density diagnostics. The CO,
laser is a kind of gas laser making reverse distribution of
CO, vibration excitation states by discharge and its oscil-
lation wavelengths are 9.6 or 10.6 pm.

For sensitive detection of the phase shift, a Mach-Zhender
optical arrangement and heterodyne phase detection
(Figure 1) are typically used in the interferometry setup.
The Mach-Zhender interferometry has optics splitting the
laser beam into two axes, transmitting one axis to target
materials as a probe laser, and merging two lasers axes
again. The interference generated in the merged laser
beam includes information of the phase shift of the prob-
ing laser beam. The heterodyne phase detection is that
frequency modulation is applied to one laser axis (probe
or reference) in the interferometry. Beat signal at a fre-
quency of difference between probe and reference arm is
generated in the merged laser beam. The phase shift of
the measured beat signal is the same as the phase shift of
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Figure 1 Schematic diagram of CO,-laser heterodyne interferometry for
plasma electron-density diagnostics. “AOM” is Acousto-Optical
Modulator that applys frequency modulation to reference laser
arm, to generate beat signal utilized in heterodyne phase
detection.

probing laser beam; therefore, we can decrease the mea-
surement wave frequency from optical light to manage-
able modulation frequency. The heterodyne phase
detection can avoid influence of temporal fluctuation of
the probing laser intensity leading to better phase mea-
surement resolution.

In the author’s past studies on the electron-density diag-
nostics using the CO,-laser heterodyne interferometer
shown in Figure 1, a detection speed of the phase shift 46
(output of the lock-in amplifier) was slow, in ms order,
mainly due to a conventional lock-in amplifier was used
to detect the phase shift. Also, sensitive detection of the
electron density was difficult when gas

densities (temperatures) in and around

sions, the conventional CO, laser heterodyne interferome-
ter cannot have enough detection speed and/or sensitivity
of the electron density in cases of short pulsed plasmas
and plasmas with the large gas-density variation.

Spatiotemporally resolved electron-density
diagnostics by near-infrared diode laser
interferometry

In order to improve detection speed of the electron density
in the laser interferometry, one method is to increase the
modulation frequency of the heterodyne system and
decrease the time duration to acquire enough cycles to
measure the phase shift. In this study, we used a near-
infrared (NIR) external-cavity diode laser as the probing
light source, an AOM with a modulation frequency at 110
MHz, and a high-speed phase sensitive detection (PSD)
device. The designed output speed of the phase detection
system was 10 MHz (~100 ns time resolution).”? In addi-
tion to the high-speed phase detection, there is a wide
variety of conventional optical devices prepared for the
NIR range, so that we could try a microscopic interferom-
eter with a polarization-controlled reflection system as in
Figure 2. We note that a range of the electron density
inside the tested plasma source should be carefully esti-
mated since the minimum detection limit of the electron
density becomes higher when the probing wavelength is
shifted from middle to near infrared range as one can see
in Equation 2.
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of the electron density using Equation 2.
The separation is often done using a dif-
ference of general time constants of two
phenomena: electron generation/extinc-
tion and gas heating/cooling. From these
experimental evaluation and discus-

beam splitter )
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XY moving stage

Figure 2 Near-infrared diode-laser heterodyne interferometry with microscope and reflection
optical systems. This is a Mach-Zhender arrangement using both zero (reference arm)
and first (probe) order lights from the AOM. A/2 plate, polarization beam splitter, A/4
prism are placed to separate forward and back lights reflected at a mirror below the

tested plasma inside the discharge cell under the microscope.
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Figure 3 An example of measured temporal evolution of electron density
generated in small-scale pulsed plasma source. Black line (below)
is the discharge current pulse with a pulse width approximately
200 ns. Red line (above) is the measured electron density using
the NIR heterodyne interferometer (Figure 2).

Measurements of a short-pulsed plasma source was done
using the NIR interferometer having the feature of high-
speed phase detection. The example measured data of
temporal change of the electron density with a discharge
current waveform is shown in Figure 3. The measure-
ment was done with a ~0.1 mm short gap discharge put in
a small gas cell under a microscope (Figure 2). In the
measured electron density synchronized with the dis-
charge current, there was a fast increase for 350 ns just
after the discharge current impulse (~200 ns width), and a
decay for 5 ps. The time difference between the current
impulse and the rise timing of the electron density is a
signal delay time in our phase detection system. This
measurement result is an evidence of the improvement in
temporal and spatial resolutions of the electron-density
diagnostics by the developed NIR interferometer. Among
advanced materials processes using plasmas those are
related to the semiconductor device fabrication, the devel-
oped NIR interferometer is expected to show its potential
effectively in application to investigation of plasma
dynamics and electron-density monitoring of short-pulsed
plasma processes such as thin-film deposition using
HiPIMS (High-Power Impulse Magnetron Sputtering)
with a typical pulse width of 20 ps.

Sensitive detection of electron density
by dispersion interferometry

Dispersion interferometry is a kind of two-color interfer-
ometry system measuring “dispersion” of the refractive
index by using two probing lasers with different wave-
lengths. A feature of the dispersion interferometry is to
generate a second probing laser by harmonic generation
from a fundamental laser beam (Use one laser source for
two probing lasers). This type of interferometry has been
developed for application to electron-density monitoring
in nuclear fusion plasma reactors, such as in National

Institute of Fusion Science (NIFS) in Japan and
International ~ Thermonuclear  Experiment  Reactor
(ITER).® ¥ Fusion plasmas are thermal equilibrium and
their plasma parameters significantly different from those
in thermal non-equilibrium plasmas used in the semicon-
ductor device fabrication. The author found in this study
that the dispersion interferometry originally designed for
the fusion plasmas also has a good features in application
to measure the electron density in the plasma material/
surface processes. In this chapter, performance of the dis-
persion interferometer in the thermal non-equilibrium
plasma diagnostics and its potentials to be utilized in pro-
cess monitoring of the semiconductor device fabrication
are introduced.

Fundamental scheme to measure the electron density by
the dispersion interferometry is shown in Figure 4a. A
laser beam from the light source firstly transmits a non-
linear crystal to generate the second harmonic beam.
Here, there is no need to set the two-wavelength lasers on
a same light axis, since the second harmonic beam is
along the light axis of the fundamental beam automati-
cally. Then, the two (fundamental and harmonic) beams
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Figure 4 Fundamental scheme (a) and experimental optics setup (b) of
dispersion interferometry. “NC” in the figures are the Nonlinear
Crystals to generate second harmonic beam. “PEM” in (b) is the
Photo-Elastic Modulator that modulates a phase of fundamental
or harmonic beam. The optical devices located just before the
detector [filter in (a), separator and beam dump in (b)] have the
same function to eliminate fundamental laser beam from the
light axis.
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pass through the tested plasma, and the phases are shifted
depending on variation of the refractive index in each
wavelength. After passing through the plasma, another
second harmonic beam is generated from the plasma-
transmitted (phase-shifted) fundamental beam. Finally, a
phase difference between the two harmonic beams is
measured by the interference and it contains information
of the refractive-index dispersion between fundamental
and harmonic beam wavelengths. In the dispersion inter-
ferometry, there is no reference laser arm (laser arm not
passing through tested materials), so that the laser light
axis around the tested material is simpler than the normal
interferometry.

The phase difference of two second harmonic beams A4(6;-
6,) and the electron density 7. are related as following.
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The sensitivity to electron density in the dispersion inter-
ferometry that can be derived from Equation 3 is similar
to that in the normal interferometry [Equation 2]. This
similarity is due to a strong dispersion of the plasma
refractive index [Equation 1]. On the other hand, disper-
sion of the refractive index is quite small in phenomena of
variation of optical path length (zero in vacuum) and vari-
ation of gas number density (corresponding to gas tem-
perature). Therefore, the output-signal amplitude of the
dispersion interferometry for these phenomena becomes
smaller than that for the electron-density variation com-
pared to the normal interferometry. The change of optical
path length is often due to vibration of optical devices
(mirror, lens, etc.) because of plasma-generation mechan-
ics such as vacuum pumps. These discussions suggest that
the dispersion interferometry is a “robust” technique to
measure the electron density in plasma sources."” We
expected that it can show good performance in the elec-
tron-density measurement of thermal non-equilibrium
plasmas with the gas-density (temperature) variation not
only nuclear fusion reactors. Therefore, feasibility test
experiments were done in collaboration of The University
of Tokyo (Affiliation of the author at that point of time)
and the NIFS.""

In the experiment using a setup shown in Figure 4b, we
inserted a tested small thermal non-equilibrium plasma
source with a pair of ZnSe lenses focusing the beam on
the plasma, into the light axis of the dispersion interfer-
ometer. The dispersion interferometer constructed in the
NIFS has a system to apply phase modulation either fun-
damental or harmonic beam to eliminate the influence of
temporal fluctuation of the CO, laser intensity. (Phase-
Modulated Dispersion Interferometry: PMDI)."” Figure 5
is a measurement result of a sqare-pulsed discharge. Left

14 | Reaclout No.51 October 2018

:§ T T T T T T
£ 0.002

£ 0.001 <
S B
< 0.000 =
£ o
= -0.001 150 5
E’ (&)
g s {100,
© 450 &
1 T S
5 o 2

0o 1 2 3 4 5

Time (ms)

Figure 5 Measurement result of the PMDI applied to thermal non-equilib-
rium pulsed plasma source. Black line (below) is the discharge current,
and red line (above) is the output signal of the PMDI including the informa-
tion of phase difference between two harmonic beams. wn, in the left verti-
cal axis is the phase modulation frequency of PEM. The signal variation in
the regions with blue background color is the electron density variation
and that in green regions is the gas density signal.

vertical axis is the output signal of the PMDI and it corre-
sponds to the phase difference of two harmonic beams
including the information of electron density. In the mea-
surement, at starting and ending edge of the discharge
pulse (light blue backgrounded regions), sharp increase
and decrease of the output signal were observed. These
are the signal indicating electron generation and extinc-
tion. Still there are the signals due to variation of the gas
number density during and after the discharge pulse (light
green backgrounded regions). However, the signal ampli-
tudes for the gas-density variation in the PMDI was over
100 times smaller than that measured in the normal inter-
ferometer. The author’s group concluded that the PMDI
can eliminate the influence of gas-density variation and
leads to precise measurement of the electron density (in
line-integrated density of 10" cm™).

Further development is ongoing to make the system more
compact and to improve temporal resolution, for the
application of the dispersion interferometry to wider vari-
ety of plasmas."™™ The dispersion interferometry has
potential to achieve better electron-density diagnostics
especially in plasmas possessing temporal change of gas
pressure (density) and mechanical vibration. Among the
processes for the semiconductor device fabrication, depo-
sition and etching processes with cyclic gas feed and
purge with plasma generation, for instance plasma-
enhanced atomic layer deposition (PE-ALD) process, can
be the application target.

Conclusions

The studies introduced in this article are on improvement
in spatiotemporal resolution and detection sensitivity of
plasma electron-density diagnostics using laser interfer-
ometry. Each technique is possible to be combined to
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reach a target performance if there will be demands in the
future, especially for the application to plasma-enhanced
thin-film process monitoring. Not only the introduced
techniques, it should be pointed out that one-time spatial
distribution measurement by multi-point or imaging
interferometry and use of quantum cascade laser (QCL)
covering wavelengths from near- to mid-infrared range
have potentials to make further improvement in the laser
interferometry for the electron-density diagnostics. The
QCL’s wavelength choice and compact package similar to
diode lasers enable us to choose optimum wavelength of
the probing laser beam and to construct the compact in-
line process monitoring of the laser
interferometry.

system

The potential application areas of electron-density diag-
nostics using the laser interferometry is not limited to
semiconductor device fabrication process discussed in
this article. In all areas related to plasma technologies (e.g.
electric propulsion and re-entry high temperature fluid in
aerospace engineering), it is expected that laser interfer-
ometry will contribute better understanding and control
of physical and chemical characteristics of plasmas
through the electron-density diagnostics. The author
would like to make continuous efforts on fundamental
and application studies of the laser interferometry.
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