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High-speed and precise laser interferometry developed

for plasma electron-density diagnostics
L—H—Fatic & 57 7 XY BFHERBOBE - BHEEL

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

Keiichiro URABE
(R #k—ER

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—H%—TF 5t 3MEDEIERC2RE DR 2 ERICAE T 2 AXFNFE
THh, T7AIREIHIEINRLE EIRA S5 E TCETRESKIHPFIET
HBZEPHMON TS, FBHEEICEADLZEEME TvF 7701
ICAVWS WA EERIFTH T 5 X vhDEZRICHETIE, EFERICLSE
BE - BhiS - P FHEBERICHY ERGNUEEZ LY, BFREDSHARMIET X
YTAEABMORRICR P E LV, EE, EROL—F —THEtDEERE
BERRSE, BIETAOERILX T A BELE O EREL EEEIL
SWIELGBFEREAEZBIELMEZED 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.

10 | Reacout No.51 October 2018

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.”

, Ope 1 n.e?
-] g e

shows a relationship

 dasom.c? I nedl
Here, w,. is the electron plasma frequency, v,, is the elec-
tron collision frequency, @ and 1 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

Readout No.51 October 2018
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A
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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 COs-laser heterodyne interferometer
shown in Figure 1, a detection speed of the phase shift 40
(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
the plasma were varied at the same
timing as the electron generation. The
variation of gas number density changes
the refractive index detected with the

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.

electron signal in the interferometer.” ® 0" order 1

It cannot be avoided in general since it is
the principle of a laser-interferometry
application to gas-flow dynamics obser-
vation. When the phase shift induced by
the gas-density variation becomes com-

Optical  Polarization
isolator  plate Wi
External-cavity i I irror
diode laser
AOM Lens Pinhole pair
A
1% order Y

110 MHz power from AOM driver

Beat signal to phase detecting system

Half mirror

parable to the phase shift by the elec-
tron-density ~ variation, the total
measured phase shift will be 460 =
ABetectron + AOgas densivy- In this case, we

=

-shaped mirror

have to carefully separate the two phase-
shift components before the calculation
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-

Photodetector O CUaliy

o

[&]

i (%]

A/2 plate Al posm g

[l 7 =
I_' 1=
Polarization

beam splitter )
Discharge cell

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)
International ~ Thermonuclear ~ Experiment Reactor
(ITER).® ¥ Fusion plasmas are thermal equilibrium and
their plasma parameters significantly different from those

in Japan and

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

1st nonlinear
crystal (NC)

Probing B ,_l
laser ~
=t E->

A2 A2
Plasma 2nd NC Filter

(@)

source

Concave mirror

CO; laser

ZnSe lens Plasma

Pinhole
50 kHz power from PEM driver

Detector  Separator

10.6 um beam

Signal to
lock-in amplifiers

Beam dump

(b)

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.

Readout No.51 October 2018

13



eature Article
IR E 2B AW

High-speed and precise laser interferometry developed for plasma electron-density diagnostics

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.

3e?A

-
8rctme.s

A, - 0) = Inedl ..................... ®3)
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
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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.

Acknowledgement

The studies introduced here were mainly done when the
author was a student at Department of Electronic Science
and Engineering, Kyoto Univ.
Department of Advanced Materials Science, Univ. Tokyo

and a postdoc at

with supports from Japan Society for the Promotion of
Science (Research Fellow DCI and PD). The author
would like to thank Prof- Kunihide Tachibana and Prof.
Osamu Sakai (now at Univ. Shiga Pref)) at Kyoto Univ.,
Prof. Kazuo Terashima at Univ. Tokyo for their strong
supports and direction. Also, studies on dispersion inter-
ferometry was done in collaboration with Prof. Tsuyoshi
Akiyama at National Institute of Fusion Science.

References

[1] Y. Ichikawa, T. Sasaki, and S. Teii, Plasma Handoutai Process
Kougaku, Uchida Rokakuho Publishing (2003). i)l 3, {4 A
W, SR 500, IRV T D R T — Ry TS
A P—, R (20034F).

[2] Ed. by The Japan Society of Plasma Science and Nuclear Fusion
Research, Plasma Shindan no Kiso to Oyo, Corona Publishing (2006).
TIAXX - B & F R W, 7 IXVZWOZEEL I, a0t
(20064F).

[3] T.Osawaand T. Obokata, Laser Keisoku, Shokabo (1994). K& fi{Z,
INRTT BT, LA, 3R (19944F).

[4] K. Urabe, H. Muneoka, S. Stauss, and Kazuo Terashima, Microscopic
heterodyne interferometry for determination of electron density in
high-pressure microplasma, Plasma Sources Sci. Technol., 23 (2014)
064007.

[5] K. Urabe and K. Tachibana, Heterodyne interferometer for measure-
ment of electron density in high-pressure plasmas in CO, Laser -
Optimisation and Application, ed. Dan C. Dumitras, InTech (2012).

[6] J.-Y. Choi, N. Takano, K. Urabe, and K. Tachibana, Measurement of
electron density in atmospheric pressure small-scale plasmas using
CO:-laser heterodyne interferometry, Plasma Sources Sci. Technol.,
18 (2009) 035013.

[7] K. Urabe, H. Muneoka, S. Stauss, and K. Terashima, Development of
Near-Infrared Laser Heterodyne Interferometry for the Diagnostics
of Electron and Gas Number Densities in Microplasmas, Appl. Phys.
Express, 6 (2013) 126101.

[8] F. A.Hopf, A. Tomita, and G. Al-Jumaily, Second-harmonic interfer-
ometers, Opt. Lett., 5 (1980) 386.

[9] V. P. Drachev, Yu. I. Krasnikov, and P. A. Bagryansky, Dispersion
interferometer for controlled fusion devices, Rev. Sci. Instrum., 64
(1993) 1010.

[10] K. Urabe, T. Akiyama, and K. Terashima, Application of phase-mod-
ulated dispersion interferometry to electron-density diagnostics of
high-pressure plasma, J. Phys. D: Appl. Phys., 47 (2014) 262001.

[11]  Press release on the collaboration between NIFS and Univ. Tokyo,
Webpage address: http:/www.nifs.ac.jp/press/150513.html

[12] T. Akiyama, K. Kawahata, K. Okajima, and K. Nakayama,
Conceptual Design of a Dispersion Interferometer Using a Ratio of
Modulation Amplitudes, Plasma Fusion Res., 5 (2010) S1041.

[18] T. Akiyama, S. Yoshimura, K. Tomita, N. Shirai, T. Murakami, and K.
Urabe, Design of compact dispersion interferometer with a high effi-
ciency nonlinear crystal and a low power CO; laser, J. Instrum., 12
(2017) C12028.

Keiichiro URABE

580 #—ER

Assistant Professor

Department of Aeronautics and Astronautics,

Graduate School of Engineering, Kyoto University
Ph. D.

Readout No.51 October 2018

15



Feature Article ... e

Y HER B 2 B

Development of substrate temperature monitoring
system for high-accuracy plasma process
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Introduction
Semiconductor devices

ization. The plasma process accuracy
for manufacture has reached atomic
scale. This background is one of the fac-
tors for studies related to atomic layer
deposition and atomic layer etching to
be carried out vigorously. This makes
many researchers and companies
attracted to atomic layer deposition and
etching process. The control of atomic-
scale etched profiles in plasma process
is required to understand chemical reac-
tion between atomics in plasma and sur-
face. For plasma etching process, as
shown in Figure 1,
used as low-k material induced the

the organic film
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such as Ultra Large Scale
Integration have continued the integration and miniatur-

Atomic scale deposition and etching processes are necessary technologies for
the fabrication of nanoscale devices because atomic layer etching and atomic
layer deposition are expected to allow the continuous improvement of manufac-
turing processes, since these result in a more precise process. To achieve the
atomic level plasma process, the wafer temperature is considered to be one of
the most important disturbances. However, there is no useful method to monitor
the wafer temperature during plasma process. We developed a noncontact wafer
temperature measurement technique using optical interferometry. The robust-
ness of performance against disturbances has been markedly improved. In par-
ticular, the measurement technique has a large tolerance to disturbances due to
dispersion and changes in the polarization of the signal light. This technique is a
robust and practically useful tool.

BEFEHTE BTFEI Y F 7 DMREDEY) Er)IL, FBET /N1 X8ET
O€XKOSNBIMNTHEEFRFRT—INIEREL -2 EPERICH D, R
FRE—IOINIHEEICIE TSI 7aLXFDE=21) > TR HERR]
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EHAIS 27 LODOTERPEFTE 3,

bowing change of 1 nm by temperature change of 0.6°C
during plasma etching process.I" The temperature depen-
dence of etched profile is because the surface temperature
strongly influences the reaction rate between plasma and

Reaciiis Etch rate
specie 0.5 s/nm
) Bowing
; : ‘ 0.6°C/nm
3 v ’A . By-products
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0000000000000
0000000000000
0000000000000
00000000OCGOCGONOO [1] H. Yamamoto et al., Jpn. J. Appl.
Material Phys. 51, 016202 (2012)

Figure 1 process time and wafer temperature accuracies required for atomic-scale process

control.
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surface, the sticking coefficient of by-products on surface.
In according to this temperature dependence of etched
profiles, we need to achieve reproducibility of wafer tem-
perature within 1°C during plasma process. However, the
parts inside a process chamber such as the electrode,
focus ring, susceptor of reactor are exhausted. The
exhausted parts are why the heat balance at the wafer
vary slightly. Even if the heat flux from the plasma keep
constant, changing in the coolant coefficient of the wafer
disturb reproducibility of wafer temperature during the
process. Moreover, improvement of temperature unifor-
mity over the wafer is one of key factors to increase the
production yield. The temperature monitoring system is
required to develop the process characteristics.

Several Techniques
for Wafer Temperature Monitoring

Although the temperature is known to be an important
factor for plasma etching processes, many complications
make it difficult to monitor the wafer temperature during
plasma processes with high accuracy. Table 1 shows
issues of several temperature monitoring techniques for
application for plasma etching process. Conventionally,
the thermocouples and fluorescence thermometer with
contact-type temperature sensors need to come in contact
with the specimen, e.g., the wafer surface at the bottom of
the substrate. The thermal conductance between the wafer
and the probe tends to affect measurements. Particularly
at low pressures, poor contact often results in erroneous
measurements, that is, it is difficult to measure substrate
temperature with high accuracy.” Noncontact methods
enable a more accurate substrate temperature measure-
ment. The use of a pyrometer makes it difficult to measure
the temperature of semiconductor substrates such as sili-
con, because the thermal radiation depends on tempera-
ture and its variation is too small to detect especially at
temperatures below 600°C.*) Many methods of measuring
substrate  temperature  during
plasma processing have been pro-
posed. Other noncontact methods
using an optical interferometer
with an infrared laser were pro-

Table 1 Issues of several temperature monitoring systems for application
to plasma etching process

Method

Issue

- Erroneous and low response measurement due to
poor thermal conductance.”’

- Electrical noise by electromagnetic wave supplied.

- Dielectric breakdown.

Thermocouples
(Contact-type)

Fluorescence
thermometer
(Contact-type)

- Erroneous and low response measurement due to
poor thermal conductance.”
- Dielectric breakdown.

Infrared radiation
thermometer
(Noncontact-type)

- Infrared radiation from plasma.
- limited temperature range.”

group worked on development of monitoring system with
high accuracy and response during plasma etching
process.

Development of Temperature Monitoring
System by Conventional Optical
Interferometer

At the beginning of the research, we consider application
of the conventional optical interferometer shown in
bottom left of Figure 2. The measurement system is
based on a Michelson interferometer, which consists of a
super luminescent diode (SLD), a reference mirror scan-
ner, a fiber collimator, an optical fiber and so on. The SLD
light is divided into two beams by the fiber coupler. The
signal light irradiates the substrate. The reference light
goes to a scanning reference mirror. In the substrate, the
SLD light is reflected on the substrate backside and sur-
face. In the reference mirror scanner side, the reference-
optical-path length is changed because the mirror is
moved. The lights reflected at the substrate go back to the
fiber coupler through the fiber collimator, and then inter-
fered with the light reflected at the scanning reference
mirror within the range of coherence length. The position
of interferogram was changed by the thermal expansion
and the change of refractive index with increasing the
substrate temperature. The change of temperature was

posed."® These noncontact optical
techniques determine temperature
changes from the thermal expan-
sion and refractive index changes
of a transparent substrate of known
thickness. However, there remain
difficulties such as their poor toler-
ance to mechanical disturbances,

Photodiode

Light source
Circulator \

Lens

Reference

Spectrometer
arm ‘

resulting in limited resolution and
temperature ranges when monitor-
ing silicon wafers. Our research

Conventional interferometer
Interferences between
signal and reference arm

Novel interferometer
Interferences between signal arms

Figure 2 Optical interferometer for wafer temperature monitoring system
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measured by the shift of the peak position of interfero-
gram. By using this measurement system, we can measure
the substrate temperature in the real time.”’ The system
resolved issues of size, working temperature range. The
time resolution was, however, limited to the second time
scale because the system uses a mechanically scanned
mirror to obtain an interferogram for the substrate tem-
perature. The use of a dual path interferometer has low
robustness against fiber-induced dispersion, polarization
mismatch, and polarization changes due to mechanical
vibration. Therefore, vibrational noise during scanning
affects optical stability, leading to low accuracy of tem-
perature measurement. Rapid measurement compared
with typical vibrational periods is required in building a
robust system and improving the accuracy for applications
for semiconductor materials.

Development of Novel Temperature
Monitoring System

For actual plasma etching process, the previous method
has two issues,

1) low robustness against mechanical vibration because of
dual path interferometer,

ii) measurement speed of a few seconds due to scanning.
We focus on characteristics of semiconductor wafer to
solve these issues. For novel method, a temperature moni-
toring system using a frequency-domain optical interfer-
ometer without a reference mirror has been developed.
The method can potentially measure substrate tempera-
tures in a few milliseconds. For previous method, inter-
ferograms are generated in the time-domain from
interferences between the reflections from the front and
back surfaces of the substrate and the reference mirror
when light from light source irradiates a wafer. If the
interference signal is collected using a spectrometer, the
interference is acquired in the frequency-domain. Since
Fourier detection measures all of the lights reflected on
the top and bottom surface of the wafer simultaneously,
an inverse Fourier transform of the spectral interferogram
determines all of the time-domain interferograms. The
time interval between interferograms is used to derive the
optical path length of the sample. As process accuracy
reach atomic scale, both side of the wafer, are performed
mirror polishing, have high degree of parallelism. In
according to the characteristics, we attempt to make the
wafer surface play the role of mirror. Therefore, the high
parallelism of the semiconductor wafer enables the
removal of a reference mirror from the interferometer and
measure wafer temperature with a common path interfer-
ometer. The standard deviation of temperature measure-
ment was less than 0.04 °C. The performance has been
improved. Moreover, we have confirmed that the novel
method can successfully reduce noise arising from

18 | Reaclout No.51 October 2018

mechanical vibrations, fiber-induced dispersion, and
polarization mismatch.”® ¥ This technique is a robust and
practically useful tool for measuring wafer temperature
during plasma etching process.

Apllication of Novel Temperature Monitoring
System

Here, we briefly introduce several examples of applica-
tions. Using the high-precision and rapid-response tem-
perature monitoring system, the heat balance in the wafer
for an industrially applied chamber can be modeled on the
basis of the measured temporal change in wafer tempera-
ture. In according to the model built by analyzing the
temporal wafer temperature during plasma etching pro-
cesses, the actual temporal changes were found to be
affected by the heat influx from the outer focus ring sur-
rounding the Si wafer because the focus ring become
higher temperature than the wafer. From the results, we
expected that the heat flux from the focus ring FR to the
wafer temperature would be negligibly small within a few
seconds after plasma exposure. However, the effect of
higher temperature of the focus ring on the radial distri-
bution of wafer temperature increases with process time.
To realize uniform process characteristics over the wafer,
the temperature difference between the Focus ring and
the wafer should be considered.'” It is found that this
method is effective for evaluating uniformity of tempera-
ture distribution along radial direction, and it is useful
system for reducing time and cost in process development
and device manufacturing.

Process engineers are faced with many complicated phe-
nomena occurring during plasma processes. One is that
wafer temperature is not dynamically controlled by stage
temperature because the wafer temperature rises rapidly
from the initial temperature after plasma exposure begins.
(Figure 3) In plasma processes, the wafer and wall tem-
perature rise modifies the radical densities of gaseous
chemical species. The recombination rates of the positive
ions and atoms at the surface depend on temperature. To
achieve a precise control in plasma processes, the wafer
temperature must be controlled on the basis of accurate
measurements. We developed a feedback control system
based on actual temperature monitoring in real time by
dynamical changes in plasma discharge on-off intervals
to suppress variation of wafer temperature during process
within a few degree C. When applied a water temperature
feedback control system to low-k organic film etching, it
was found that etched trench width increased by 2.5 A/K.
The results indicated that the feedback control system can
potentially control etched profiles on atomic-scale.™ '@
The wafer temperature strongly influences etched features
due to the temperature dependence of sticking probability
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Figure 3 Schematic illustration of plasma process with feedback temper-
ature control.

of the etched products. Therefore, keeping the wafer tem-
perature constant is effective for clarifying interactions
between the plasma, material surface, and the etched fea-
ture formation mechanisms.

Conclusion

Etched profiles control with high accuracy can be
achieved by controlling the wafer temperature dynami-
cally. Moreover, our monitoring system can be applied not
only to the plasma etching process but also to many semi-
conductor device manufacturing processes such as a rapid
thermal annealing process and chemical vapor deposition.
Recently, Al technology has applied to the semiconductor
device manufacturing site to improve productivity. In
order to improve the accuracy of machine learning, real-
time monitoring techniques would play an important role.
We can expect that our monitoring system active in vari-
ous fields in the near future.
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Detection of electronic defects in semiconductor

thin-films during plasma processing
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In semiconductor device fabrication, a variety of thin-film materials are deposited

ShOta N U NOM U RA and etched away by means of plasma processing technology. The device perfor-

ikt EX mance is often limited by electronic defects, which are generated in the film
during plasma processing. So, it is necessary to reduce these defects by pre-
cisely controlling the plasma processing, based on the knowledge of the defect
generation and annihilation kinetics. In this study, we have developed an unique
technique for detecting the electronic defects by measuring the photocurrent(*) in
the film under illumination of light at two different wavelengths. Using this in-situ
and real-time technique, the defect generation and annihilation are successively
monitored during plasma processing. The defect monitoring is useful for the
development of advanced plasma processing, that is required for state-of-the-art
semiconductor devices. Although the developed technique is demonstrated
under the plasma deposition process of amorphous silicon films for solar cell
applications, it can be applied to other semiconductor plasma processing, includ-
ing etching and surface treatments.

* Photocurrent is the electronic current in the semiconductor materials, excited by illumination of

light. The illumination of light generates free electron-hole pairs in semiconductors.

FBORT INA ZDMERICIE, R4 GBEMBORE(F RS > a2) EMI(Ty
FLOVNPT I TOLIFTLMERVTIR)ELITHhh S, 7/51 ZD4EE
IE, 7AtEXRICEL BEEMFIOXRME(electronic defects)iCd& - THIRRE
h3p, ChETZOXRME 7O XPITARE T 2RMDP 4 <, RBORELE
BOAAZZXLIEHDIEBEEINTWED 52 22 T ARAE TS, SEEMFL
ICZIEBOERLEIEROXEBRUKER(T) 2EHAT 2T, XMEEZDE
TUTIVEA LICHRET 23T 2R L /- XM EHAVWS 2 ET, 7O+ X
ICRMEEE=2) T §BHZEDRIREICRY), X/, RMBOE=2) T %EL
T, TNA AOEREIEPSHFEFT A LERROISED DI EDRIREICE B,
AT, KBEMBRGT7EILT 7 X2 )AL ORET Ot X & RICARFIMN
ERBNT 20, Ty F 7 PREWBZEOMDFEBHRT S I T OERICHE
HRIEETH B,

RPN STl &, ZORA I LOEETF EIHEN 2 FHHET 54 L 20 SONET 0
SEC £ BEIEHET .

Introduction next-generation global society. The semiconductor devices

usually consist of nanostructured p-n junctions, which are
Semiconductor devices such as logic circuit, memory and fabricated by means of plasma processing. In plasma pro-
optoelectronic devices play important roles in IoT (Internet cessing, a variety of semiconductor and/or insulating thin-

of things) and AI (artificial intelligence)-based films are deposited and etched away in many times. The
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performances of these devices are governed by the opto-
electronic property of the deposited films,™ which are
strongly influenced by each processing step.” Thus, one
need to precisely control the plasma processing in order to
obtain the designed optoelectronic property of the films.
However, the details of the plasma and gas-phase parame-
ters as well as the optoelectronic property of the films are
not fully understood during plasma processing. So, fur-
ther development of advanced plasma processing has been
limited.

In this study, we have developed two kinds of techniques
to understand the whole pictures of the plasma processing
and precisely control it. (i) One is a technique for compre-
hensively measuring the plasma and gas-phase parame-
ters.’! (ii) The other is a technique for measuring the
optoelectronic property of the films during plasma pro-
cessing."! Combining these two techniques opens the door
for developing the advanced plasma processing, which is
required for high-performance device fabrication for the
next-generation IoT and Al

The developed techniques were demonstrated under the
plasma deposition process for hydrogenated amorphous
silicon (a-Si:H). This material is widely used as photovol-
taic materials, passivation layers, and thin-film transistors.
The a-Si:H is also expected to be a key material in flexible
IoT devices. In the following sections, we describe the
methodology and apparatus, followed by the measurement
results.

Comprehensive measurement
of the plasma and gas-phase parameters

A schematic view of plasma diagnostics is shown in

reactor

source gas (SiH,, H,) /
N Q© ; /e

lectrons .

OES

¢ precursors
et (radicals)

ellipsomet y
& FTIR

Photocurrent
measurement

Figure 1 Schematic view of experimental setup. The setup consists of
two parts: plasma diagnostics (upper part) and in-situ material
characterization (lower part). A plasma is diagnosed with
Langmuir probe (LP), optical emission spectroscopy (OES),
mass spectrometry (MS), absorption spectroscopy, and laser
light scattering (LLS).” The optoelectronic property of a growing
semiconductor film is determined from spectroscopic ellipsometry
(SE) and in-situ photocurrent measurement, based on an optical
pump-probe technique™

Figure 1.”! The deposition plasma was diagnosed with
the following tools: Langmuir probe (LP), optical emis-
sion spectroscopy (OES), mass spectrometry (MS),
absorption spectroscopy, and laser light scattering (LLS).
The plasma parameters, i.e., the electron temperature and
density, were measured with LP, while the gas composi-
tion and ion species were measured with MS. The genera-
tion of radicals such as H atoms was monitored by OES.
The particulates (clusters and nanoparticles) generated in
gas phase were detected by LLS. Using these methods
simultaneously, we can comprehensively collect the
plasma and gas-phase parameters in a single batch of dis-
charge, and thus we can study the plasma-related gas-
phase physics and chemistry.

An example of measurement results on the plasma and
gas-phase parameters as a function of the discharge time, t,
is shown in Figure 2.° The deposition plasma was gener-
ated by capacitively coupled 60 MHz discharge of hydro-
gen (H,) and silane (SiHs) gas mixture. The discharge
conditions are following: a gas pressure of 9.7 Torr, a H,
gas flow of 98 sccm, a SiH, gas flow of 2 sccm, a dis-
charge power of 0.78 W/cm’. The discharge was main-
tained for t = 600 s. The data were collected with an

acquisition unit at every 10 ms.

-
f=]
h

-
(=]
Y

relative flux concentration (counts/s)
|5 lsn—n‘ nanoparticle abundance (a. u.)

10°
E
Te 3
2]
10%
0.2 —~
=}
ke El
Fia =
I ]
= 01 —
MTRTTTT BREA il il 0
0.01 0.1 1 10 100 1000
time (s)

Figure 2 Time evolutions of plasma and gas-phase parameters.” (a)
Relative densities of SiH,, Si,Hs and SisHs measured with MS,
H. and SiH emissions (/4. and /Isiy) from OES, and particulate
amount measured by LLS. (b) Plasma-related parameters such
as high-energy electrons, monitored by /4,/l4, and ion saturation
current, [s.
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As apparent, the plasma and gas-phase parameters are
highly time-dependent in a wide range of time scales
from 10 ms to 100 s. The initial and steady-state plasmas
are different each other even though the discharge condi-
tions are kept constant. Such a large variation in a deposi-
tion plasma results from various gas-phase reactions and
diffusion. Within t = 100 ms, the feedstock gas of SiH, is
dissociated, and disilane (Si,H) and trisilane (Si;Hg) mol-
ecules are generated via polymerization reactions. After a
while (t = 1 s), a large amount of particulates are formed,
inducing an instability in plasma, indicated by the fluctua-
tion in the ion current. In a time scale of t = 10 s to 100 s,
polymerized species such as Si,H and Si;Hg are build up
in the reactor. Later (t = 100 s and more), the source gas of
SiH, is strongly depleted due to a limited feedstock

supply.

From the viewpoint of the film formation, such time-
dependent gas-phase composition and plasma parameters
are unfavorable, because they may cause the unexpected
inhomogeneity of the optoelectronic property of the film.
The measurement results suggest that the short-term ini-
tial transient should be minimized to control the interface
property and initial growth. The long-term transient
should be suppressed to control the bulk property and
vertical homogeneity.”

In-situ measurement of the optoelectronic
property of semiconductor thin-films

The measurement setup for the optoelectronic property of
the growing films is shown in the lower part of Figure 1.
The optical property such as the band gap, E,, the refrac-
tive index, n, and the extinction coefficient, k, was deter-
mined from spectroscopic ellipsometry (SE). The
electronic property such as carrier transport and elec-
tronic defect states was characterized via the photocurrent
measurement,”” based on an optical pump-probe tech-

nique.®

The methodology for defect monitoring is following. We
measured two kind of electrical currents in the film: the
photocurrent under the pump light and the trap current, i.e.,
an increase of the photocurrent, under the probe light. The
pump-induced photocurrent is inversely proportional to
the defect density, and therefore a change of the photocur-
rent reflects the generation or annihilation of the defects.
On the other hand, the probe-induced trap current gives
the trapped carrier density (n,), proportional to the defect

density.*®
oy E)ump 1!
n=—: e (1)
Oy F probe Ip

where, [ pump and 7. are the photon fluxes of the pump
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Figure 3 In-situ measurements of optoelectronic property of a-Si:H films
during plasma deposition process.” The discharge was termi-
nated at t = 1270 s, at which the post-deposition annealing was
initiated. (a) Film thickness, d, and the energy bandgap, E,, (b)
the refractive index, n, and the extinction coefficient, k, obtained
from SE. (c) Photocurrent, /,, excited by the pump and trap cur-
rent, I;, excited by the probe. (d) Photoconductivity, s,, and nor-
malized trapped carrier density, ny, calculated by Equation 1.

and probe light, respectively. o, and o, are photo-absorp-
tion cross sections for the valence and trapped electrons.
n, is the valence electron density. In this study, a visible
laser (520 nm wavelength and 1 mW output) was used for
the pump while a near-infrared laser (1340 nm wavelength
and 500 mW output) was used for the probe.

Figure 3 shows measurement results of the optoelectronic
property of an a-Si:H film during the growth."! The dis-
charge conditions are following: a gas pressure of 0.3
Torr, H, gas flow of 53 sccm, SiH, gas flow of 7 sccm, a
discharge power of 0.03 W/cm’. The growth temperature
was 200 °C. The discharge was maintained for t = 1270 s.
As in Figure 3a, the film thickness, d, was increased lin-
early with the deposition time (growth rate = 0.17 nm/s).
The optical property such as E,, n, and k was nearly con-
stant during the growth, which indicated a homogeneous
film growth in terms of the optical property (Figure 3b).

On the contrary, the electronic property is highly
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(a) Initial growth

(b) bulk layer growth (c) post-annealing
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Figure 4 Film structure and defect distribution during plasma deposition processing. (a) Ultrathin film at the initial growth. The film has a large amount of
defects, which restricts the carrier transport. (b) Thick-film growth during deposition process. The defect-rich surface layer is formed near the sur-
face, due to energetic particles from the plasma. Underneath, the bulk layer is grown. (c) Post-deposition annealing. The defects generated
during the plasma deposition are effectively annihilated by the thermal annealing.

dependent on the deposition time, i.e., the film thickness,
indicated by the large variation in the photocurrent shown
in Figure 3c. Initially, the photocurrent in an a-Si:H
ultrathin film (below d = 20 nm) was not observed. The
photocurrent was observed once the thickness approaches
to d = 20 nm, and gradually increased with the deposition
time, i.e., the film thickness. The trap current behaved a
tendency similar to that of the photocurrent. With this
data and Equation 1, the trapped carrier density was esti-
mated to be = 10" cm”. The photoconductivity, a,, calcu-
and film
approached to the constant value once the thickness
exceeded d = 100 nm (Figure 3d), which was expected
and revealing the bulk property.

lated from the photocurrent thickness,

Interestingly, the photocurrent was significantly increased
after the deposition (t > 1270 s), i.e., during the post-depo-
sition annealing. It means that the electronic defects gen-
erated during the plasma process are efficiently
annihilated by the post-annealing. Such a defect annihila-
tion process was successively monitored via the in-situ
photocurrent measurement, which has not been fully
studied so far.

The measurements suggest the following new aspects of
the film structure and defect kinetics (see Figure 4). (i) At
the initial growth, a large amount of defects are generated
in an ultrathin film of thickness below d = 20 nm. The
carrier transport is highly limited, and thus the photocur-
rent is not observed. (ii) During the thick film growth (d >

20 nm), the defect-rich surface layer is formed.
Underneath it, the bulk layer is grown, as the film
becomes thicker with the deposition time. (iii) The defects
generated during the plasma deposition process are anni-

hilated effectively by the post-deposition annealing.

Summary

We have developed two kinds of unique techniques in
order to understand the whole pictures of the plasma pro-
cessing and precisely control it. Firstly, we developed a
technique for comprehensively measuring the plasma and
gas-phase parameters. This technique yields a set of data
for studying the plasma-related gas-phase physics and
chemistry. Secondly, we developed a technique for mea-
suring the optoelectronic property of the films during
plasma processing. In particular, in-situ photocurrent
measurement is extremely useful for monitoring the
defect generation or annihilation. Combining these two
techniques opens the door for developing the advanced
plasma processing, which is required for high-perfor-
mance semiconductor device fabrication for the next-gen-
eration loT and AL
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Introduction

The high level of miniaturization and degree of integration of modern integral cir-
cuits based on semiconductor technology would be unthinkable without the use
of various plasma-based processing steps during manufacturing, such as depo-
sition and etching. These processes, their quality and efficiency depend critically
on a number of plasma parameters, such as flux, density and energy of the ions.
To optimize and control the semiconductor processing it is therefore desirable to
be able to measure these quantities without affecting the plasma, its homogene-
ity and the quality of the ongoing surface treatment process. This is now possible
with the method developed by us. It is an extension of the well-known mass
spectrometry diagnostics. The method uses the distribution in velocities of the
ions, measured at the wall of the process chamber by an energy resolved mass
spectrometer, to obtain the plasma characteristics in the plasma volume. The
parameters that can be determined include the velocity distribution of the ions in
the plasma, their density, flux, mean energy and temperature.

FEROMENER, SEBIEDOOICE, TIXTEFESRE Ty F
IR DBBARRIR T H D, TIAVIE, AF>T5v 7R, BESLIU IR
WEX—BEDTIIIINTA—2EHIToh, FEFTIEZRELL,
MY B7=0I218, TT7XTOHEERY 1 N-RADRGICHEERIZT L
B, TIXRNTA—RERETEDIENEE LV, B4 E—IL TRV
¥ —DREEPMETERANT, TIXTINTA—25BETEH LWL
Bl 70X F v 2 NOAETAES 21 F > ORESHEHANT, 77
AXHFDA AL DREDT, BE, WK, FHIXNX-—BICBREERET
3ENHEES,

Various methods exist for plasma characterization.

The manufacturing of modern semiconductor chips and
elements is a complex process that requires multitude of
steps. Commonly, these include several stages of plasma
processing, e.g. plasma deposition and plasma etching. The
characteristics of these steps — efficiency and quality — are
dictated by the parameters of the plasma used — ion com-
position, electric field at the surface, ion density, flux and
energy. In some cases, the same plasmas can etch or
deposit thin films, depending only on the energy of the
incoming ions at the surface. Therefore, for process control
and optimization it is important to measure these parame-
ters. Further, a spatially resolved information on the
plasma parameters over the processing surface is needed
to monitor and adjust the homogeneity of the process.

However, some of the diagnostic techniques (e.g. electric
probes) are invasive, i.e. they require the insertion of for-
eign objects in the plasma which disturbs the plasma and
interferes with the requirement for plasma homogeneity.
Other methods (e.g. spectroscopy methods) provide only
line of sight values, i.e. they possess only limited or no
spatial resolution. Further diagnostics (e.g. laser-based
techniques) are too challenging and complex to setup and
run under industrial environment. The method we have
developed is based on mass-spectrometry and avoids
these shortcomings. It is non-invasive, since it requires
only a tiny hole in the plasma walls to sample the ions
coming out of the plasma. The method is also easy to set
up, as mass spectrometers are commercially available
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devices that only need to be mounted on
The data processing
method we have developed then extracts

the chamber.

spatially resolved information for the
plasma based on a single measurement
at the wall. The method requires that the
mean distance between ion collisions is
independent of the velocity.

Experimental setup 1

The measurements were performed in
an inductively coupled plasma in neon
gas. Figure 1 shows the discharge setup.
The pressure was 1.3 Pa (10 mTorr) and
the radio-frequency power was 600 W.

The method was developed using a e
commercial mass spectrometer system

(Plasma process monitor, PPM 421,

Inficon). The functional diagram of the device is shown in

Figure 2. The mass spectrometer, PPM, samples the ions

coming to the wall through an orifice with a diameter of

100 um. The extraction hood around the orifice is at earth

potential and, thus, constitutes part of the grounded metal

walls of the plasma chamber. Consequently, no distortion

is introduced in the plasma.

The ions that enter the PPM can be focused by electro-
static lenses onto the entrance of the next section of the
device, which performs the energy selection by letting
only ions in a narrow energy interval to pass through it.
After that, the ions pass through a quadrupole mass spec-
trometer that sorts the ions according to their charge-to-
mass ratio. A pair of electrostatic electrodes provides a
90° deflection to ensure that only charged particles, i.e.
ions, will be able to reach the detector. This removes spu-
rious signals from photons and excited atoms coming

Ton detection

| RF power |

Matching unit

Quartz dome

RF antenna

measurements

Figure 1 Schematic representation of the discharge chamber with diagnostics. Dimensions are

from the plasma. A secondary electron multiplier (SEM)
acts as the detector. The SEM works in an ion counting
mode, which additionally suppresses the noise and allows
measurement with a dynamic range of about six orders of
magnitude.

The energy and the mass of the ions that can pass through
and reach the SEM are controlled by a set of voltages that
are varied to obtain the distribution in velocities of the
ions, hitting the chamber wall. The PPM measures the ion
velocity distribution function” (IVDF) as a function of
the kinetic energy of the ions.

As a benchmark diagnostics, the standard method of
Langmuir probes (LP) was used. The probe was posi-
tioned in the same plane as the PPM and the data were
recorded simultaneously with the PPM data. The probe is
movable in radial direction and provides the profiles of
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Figure 2 Schematic representation of the used mass spectrometer.
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the plasma parameters: electric potential, electron density
and temperature.

*1: The IVDF tells how many ions per unit volume are moving with a

given velocity.

Data processing

The important contribution of the developed method is in
the way the measurement data is processed to obtain
additional information about the plasma parameters when
the ions have constant mean free path. The idea is based
on an exact solution of the Boltzmann equation” for the
ions. It was shown!" that the IVDF measured at the wall
contains information on the IVDF at any other position
along the line of sight. The IVDF there is obtained by a
simple shift of the energy axis and scaling of the IVDF (the
vertical axis in Figure 3). When the IVDF at a given
point is known, then the plasma parameters — density,
flux, mean energy and temperature of the ions — can be
obtained as simple averages over the corresponding IVDF.
The natural parameter for plotting these quantities is the
potential shift of the IVDF, i.e. the shift in the energy axis
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Figure 3 (a) Measured IVDF in neon plasma. (b) IVDF measured at the
plasma wall and the IVDF obtained from it for the interior of the
plasma. The distributions are normalized to have unit surface
area.

of the IVDF. The solution of the Boltzmann equation
reveals also that the ambipolar electric field® in the
plasma can be obtained from the IVDE. The electric field
allows a correspondence between position and potential
shift to be established.

*2: Differential equation that determines the [IVDF.

*3: The ambipolar electric field in a plasma arises in order to prevent
the much faster electrons from leaving the plasma at a greater rate
than the slow ions, i.e. to preserve plasma neutrality.

Results

Key element in the developed method is obtaining the
IVDF at positions inside the plasma from the velocity dis-
tribution of the ions that leave the plasma and hit the wall.
Figure 3a presents an example of the measured velocity
spectrum at the fixed mass of 20 amu (the main isotope of
neon). The same distribution is plotted as a function of the
ion velocity in Figure 3b. The figure also shows the
IVDF at a position inside the plasma. This IVDF was
obtained from the measured one.
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Figure 4 (a) Profiles of the mean ion energy and ion temperature
obtained from the IVDF in Figure 3a. (b) Comparison of the
electron temperature from the IVDF with the one obtained from
conventional LP measurements.
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Figure 5 (a) Profile of the electric field obtained from the IVDF and com-
parison with the field from LP measurements. (b) Correspondence
between position and potential shift and comparison with LP
measurements.

From the IVDF at different positions in the plasma, the
mean energy and temperature of the ions is obtained and
shown in Figure 4a. From the profiles of the ion parame-
ters also the temperature of the electrons can be obtained.
The result is shown in Figure 4b where it is compared
with the data from conventional LP measurements. The
grey vertical lines in this and the next figures present the
division between the near-wall edge region of the plasma
and the plasma interior. This division is important for the
description of the plasma and was also determined from
the measurements. The LP measurements are confined to
the plasma interior.

The IVDF provides also information on the ambipolar
electric field in the plasma. The values obtained from the
IVDF are compared with those from LP measurements in
Figure 5a. Figure 5b shows the correspondence between
potential shift and position in the plasma. With this corre-
spondence established, the profiles of the ion and electron
density can be obtained. They are presented in Figure 6.
The edge region is characterized by strong electric field
and large difference of the two densities, whereas in the
plasma interior the two densities nearly coincide.
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Figure 6 Profiles of the ion density from the IVDF and of the electron
density from LP measurements.

Conclusions

A method has been developed that uses a single non-inva-
sive measurement of the ion distribution in velocities at
the plasma surface. The method allows from this mea-
surement the spatial variation of the velocity distribution
function of the ions to be determined. Using the profiles
of the IVDF, various plasma parameters can be obtained.
These include the density, the mean energy and tempera-
ture of the ions, as well as their flux. Further, the electric
field and potential in the plasma and the electron tempera-
ture are also obtainable with the method.

The method will be further developed and applied to plas-
mas containing multiple ion species, molecular plasmas
and electronegative discharges. In the future it is expected
the method to be applied under industrial conditions for
control and optimization of semiconductor manufacturing
processes.
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Recently, feature size of semiconductor integrated circuits becomes far below 100 nm, and their fabrication requires
reliable measurement methods of local material properties capable of nano level resolution. However, it is almost
impossible to invent a measurement technique to meet the requirement. Alternatively, we are developing the hybrid
metrology: i.e., combining suitable measurement methods with precise simulations to estimate values of an unseeable
quantity. Here, as an example, we introduce how the mechanical stress distribution in a miniaturized transistor is evaluated
using Raman scattering measurements combined with stress simulation and optical propagation simulation.
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Figure 2 Schematic transistor structure, and two configurations of
Raman measurements: vertical illumination/detection, and
back scattering on a cleaved cross section. Stress liner is
shown for the transistor on the left but not for the one on
the right. Definition of polarization directions are also
shown: a //[110], b //[001], and ¢ //[1-10]. S/D :
source/drain, SDW: source drain width.
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Figure 3 A large n-MOS transistor structure with 1-um gate length and stress distributions

estimated by Raman measurements on a cleaved surface.
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Figure 4 Measured Raman shift data (open square)along the a
direction just below the channel surface on a cleaved
surface and simulated results (solid line)using internal
stress values without calibration (a)and after fitting (b). Blue
color indicates the Raman shift of a-polarized light and red
color is for the one with b-polarization both excited by the
a-polarized light.
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Figure 5 FDTD simulation of incident light intensity around a 100-nm W metal gate for two different polarization directions.
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Figure 6 Raman shift measured by the vertical illumination and
detection configuration through side wall spacer in a
p-MOSFET with 45-nm gate length as a function of source-
drain width (SDW in Figure 2). Measurement results (red) are
compared with simulated results before (green) and after (blue)
calibration using the data obtained by cross sectional
measurements.
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Simulation of Dilute Hydrofluoric Acid Etching
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Control of lateral etching of films that are constrained by non-etching films is an area of great interest in the manufacturing
of semiconductor devices such as 3-D NAND memory. In this paper, lateral etching of very thin silicon dioxide films sand-
wiched between silicon films in dilute hydrofluoric acid has been simulated using COMSOL Multiphysics modeling soft-
ware. Specifically, using literature equations for the etch rate of ‘standalone’ oxide films, a time-dependent moving-
boundary simulation that takes into account the electrical charging of wetted surfaces has been used to determine the
effect of thickness of constrained oxide films on their etch rate. The results have been compared with experimentally mea-
sured etch rates for very thin oxide films reported in the literature.
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Introduction

Dilute hydrofluoric acid is commonly used in the fabrica-
tion of semiconductor and MEMS devices during steps
that involve etching of silicon dioxide (SiO,) in the pres-
ence of other materials such as silicon. Specifically, in the
MEMS area, nanoscale trenches are created by etching
thin SiO, layers sandwiched between two silicon layers.
The size of the trench created is controlled by the thick-
ness of the oxide layer. The type of HF (regular or buff-
ered) used will affect the relative concentration of

34 Reacoul No.51 October 2018

different fluoride species in the solution. These species
include HF, H,F,, HF, and F". Because surfaces immersed
in aqueous solutions can develop a surface charge, the
concentration of the charged etching species near the sur-
face can be different from their bulk concentration.
Silicon dioxide etch rate equations reported in the litera-
ture for acidic fluoride systems! ? have focused on free-
standing films. In the case of SiO, films sandwiched
between Si films, as the SiO, film is etched away, surface
charge developed on exposed Si films is likely to affect
the concentration profile of the charged fluoride species in
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Figure 1 Schematic of channel formed between silicon as the sand-
wiched layer of SiO; is etched away®

solution and hence the etch rate.

The work of Okuyama et al. was one of the early attempts
to study the impact of interfacial electrical phenomena on
the etching of thin silicon dioxide films constrained by

silicon films.”!

They utilized the Nernst-Planck equation
and the Poisson-Boltzmann equation, in a finite element
model to predict the concentration profile of ions in a
channel schematically shown in Figure 1. They assumed
a negative surface charge on Si, zero charge on SiO,, and
considered HF, as the only active etchant species.
Equilibrium simulations were carried out to determine the
average HF, concentration at the SiO,/solution interface
with varied SiO, film thicknesses. As expected, the
calculations showed reduced concentration of HF, near
the oxide/solution interface as compared to the bulk
concentration.

By comparing the calculated average concentration of
HF, in the channel to the experimental etch rate of SiO;
films determined by an SEM technique, they concluded
that thinner films etched at a much slower rate than the
thicker films due to the reduction of HF, at the SiO./solu-
tion interface. They did not do any dynamic etching simu-
lations to validate this correlation.
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Figure 3 Boundary conditions for equilibrium simulation
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Figure 2 Meshed simulation geometry in COMSOL Multiphysics

Simulation

In this work, we have attempted to address the aforemen-
tioned shortcoming of the work of Okuyama et al. by cre-
ating a time-dependent moving-boundary simulation in
COMSOL Multiphysics 5.3a. Utilizing species concentra-
tion-dependent etch rate equations from published litera-
ture and surface chemistry principles, the etching process
was simulated.

To create a moving-boundary simulation of SiO, etching
by dHF solutions in an Si/SiO./Si stacked structure, a
simple 2D model was used. The volume of the hydroflu-
oric etching solution was used as the simulation area. A
2x2 nm free quadrilateral mesh was used in the simula-
tion area where the finite element calculations were car-
ried out. This mesh was chosen because it handles mesh
element deformation better than the standard triangular
mesh. The simulation geometry and meshing are shown
in Figure 2.

For simulations, a two-step method was utilized. First, an
equilibrium study was performed to develop the initial
species concentration profiles as a func-
tion of X and Y position in the solution
- volume (This step is similar to the work
of Okuyama et al). The concentration
profile from the equilibrium study was
then used as the initial condition for a
time-dependent study in which the etch-
ing process was modeled as a moving-
boundary problem.

In the equilibrium study, the two gov-
erning equations, stationary Nernst-
Plank equation and the Poisson equation,
are solved to determine the position-
dependent concentration profiles. The
simulation area includes a slightly pre-

etched SiO, layer, creating a small
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Figure 4 Equilibrium concentration profile of HF,” with -20 mV at the silicon/solution interface
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Figure 5 Simulated concentration of HF, in the nanoscale region normal-
ized to the bulk concentration vs. nanoscale region width

channel between the two silicon layers, which is shown in
Figure 3. At the silicon/solution interface, a constant
potential of -20 mV was used to represent the surface
charging that would occur on silicon in a 0.5 wt% solution
(~pH = 2). (The surface potential on silicon was approxi-
mated by its measured zeta potential at pH = 2 by the
authors). At the SiO,/solution boundary as well as the
remaining outer solution boundaries, a 0 mV boundary
condition was applied. The SiO,/solution boundary was
set to 0 mV because the isoelectric point

(IEP) of SiO, typically occurs around a

pH of 2.

Equilibrium simulations were carried

used as the initial condition. Additional
boundary conditions were applied to the
SiO,/solution boundary and the outer
solution perimeter boundaries. At the
SiO./solution interface, a boundary velocity as a function
of local species concentrations was used to represent the
etching of SiO, in HF solutions. At the same interface, a
flux boundary condition related to the etch rate was used
to represent the consumption of species due to the etching
reaction. At the outer solution boundaries, a constant con-
centration condition was used to represent the bulk HF
solution that replenishes the simulation area as species are
consumed due to the etching reaction.

The time-dependent simulations were carried out using
two commonly used etch equations in published litera-
ture. These are the Judge Equation1 and the
Verhaverbeke et al. Equation 2. The mathematical forms
of these equations that relate etch rate ( R ) to different
fluoride species are as follows:

Judge: R=A[HF] + B[HFy |+ C  «wooeeeeeeeeees ()

A=25%10" B=9.66*10" C=-14*10"

At mouth of trench

out for channels with different widths.
The result of one of these studies with a
10 nm SiO, film is shown in the HF,

Polysilicon

All species conc. = bulk conc.
=0V

At silicon surfaces

concentration map in Figure 4. The
repulsion of the HF, away from the sili- Pl0
con surfaces leads to an overall reduced

Flux=10
¢ ==20mV

At SiO, surfaces

Boundary velocity to

concentration in the nanoscale region.
Average concentrations in the nanoscale Silicon

region were calculated for SiO, film

represent etching

Flux to represent consumption
due to etch reaction

P=0V

thicknesses of 2 nm — 50 nm. These

Figure 6 Boundary conditions for time-dependent simulations
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Figure 7 Comparison of the simulated etch rates using the Judge model
and the Verhaverbeke model

Verhaverbeke: R = a[(HF ),] + b[(HF),]* + c6[HF,] -
[H7] ]
[HFY]

+d[HF,] * log [

a=373*10" b=122%10" ¢=2.14* 10"
d=3.53%10"

In these models, the etch rate is in units of m/s, and the
concentrations of the individual species are in units of
md/m’. Both models have individual contributions to the
etch rate from neutral and ionic species. The Judge model
considers the monomer HF to be the neutral species
responsible for etching while the Verhaverbeke model
regards the dimer H,F, to be the active neutral species.
Three time-dependent simulations were performed for
different nanoscale region width (SiO, layer thickness) of
10, 30, and 50 nm. The etch rate for each of these SiO,
thicknesses was simulated and normalized to the bulk
etch rate (no electrostatic effects), as shown in Figure 7.

The use of either model did not show a significant reduc-
tion in etch rate with film thickness. The simulation
results do not agree with the experimentally measured
etch rates reported by Okuyama et al. It may be recalled
that neutral HF species (including the dimer) and HF,
ions are considered etchant species in these two models.
Since neutral HF and H,F, species dominate speciation in
0.5 % HF solution at a pH of 2 and electrostatic effect is
likely to have an impact only for charged specie, HF,, the
simulation results appear to make sense. The discrepancy
between our simulation results and Okuyama et al’s
experimental results may be because the literature etch
rate equations used in the simulation were developed for
oxide films that were very different from the films used
by Okuyama et al. A research project aimed at establish-
ing etch rate expressions for well characterized thin oxide
films in dilute HF solutions would immensely help in

HORIBA Technical Reports

testing the wvalidity of the correlation put forth by
Okuyama’s group.
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This article describes measurements and monitoring of density of radicals and size and density of nanoparticles, which
are important internal parameters in plasma processes. The radical measurements give valuable information on density of
predominant deposition precursors and their surface reaction probability. It is difficult to apply the measurement methods
to production lines. On the other hand, a simple measurement method is available for the spatial profiles of size and
density of nanoparticles. Development and applications of novel monitoring methods are needed to realize control of

plasma processes.
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Table 1 Radical measurement methods.
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Figure 2 Time evolutions of spatial profiles of Si emission intensity
and Si density (a), SiH emission intensity (b)and SiHs
density between powered and GND electrodes.
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Figure 3 Time evolution of CHs density in the post-discharge for 423
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Figure 4 Time evolution of surface reaction probability 8 of CHs in
the post-discharge for 423 and 523 K.
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Figure 6 Time evolution of diameter and density of nanoparticles
formed in SiH4 RF discharge plasmas.
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The surface roughness of silicon and interface roughness of gate insulator/Silicon are very important for MOSFETs. The
lifetime of gate insulator can be one order of magnitude increased and the current drivability can be improved by the
atomic order flattening compared to the conventional silicon surface. Recently, the three-dimensional MOSFET, such as
“FInFET” uses Si(110) surface as the side walls. The process technologies, such as the cleaning technology, oxidation of
silicon surface, transportation from an equipment to other equipment etc., of Si(110) surface is more difficult than those of
Si(100) which is used for the conventional LSI's. The process technology of Si(110) and problems in the process control

and measurement technologies to be solved in next generation of the integrated circuit technology are described.
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Figure 1 AFM images of atomically flat Si surface for various off angle from Si(100)and atomic terrace width as a function of off angle from Si(100).

Only mono-atomic steps appear on the atomically flat silicon surface.
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Figure 2 (a)lo-Vo and(b)noise characteristics for the MOSFET with atomically flat silicon surface and conventional surface.
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Figure 3 (a)Eso and(b)Qeo distribution for the gate oxides with atomically flat silicon surface and conventional surface.
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Extreme ultraviolet lithography (EUVL) technology is to be used in 2019 as semiconductor mass production technology
with line width of 16 nm circuit. | will introduce the current state, issues and future prospects of this technology
development. Today, EUVL technical issues as for the mass production technology are EUVL light source development,
EUV resist development, EUV mask development. We will introduce these technologies and discuss in detail how
nanofabrication progresses in the future.
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™ Pellicle film: Performance roadmap
Continuous improvement plan for pellicle films
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In research

New materials as capping and base material
Graphene/carbon based membranes

New multilayer structures

* The NXE Pellicle concept is independent of the film type used
+ Films being developed outside of ASML can be used with this concept
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(Paul Janssen, ASML, NXE Pellicle Program, 2016 International Symposium on Extreme Ultraviolet Lithography, Hiroshima, Japan, 2016)
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Implement New Flow Standard Technology to The Products

FBET N ZOWMMIE, SEBICICHY, TRE - REMHOHIGE

BB FEaA CHT BB EENE L ADERFEE Y 205 ), RESH -

Yasuhiro ISOBE HIftER THB X TO—32 bO—-SOERBEL, EEMEE LI DE
THd, REBEBHMUT 7 /07—t 2—TIE, HAREDZER I %1

Bl f&5A TE BRI, —RABEERDEHEREFOISO/IEC 170258E 4

Takahiro OKUYAMA WiE b oo Z U T—RAEBZEERICELZEAEE 7O IH IFEEITEE
EDNEBELEED, ZRREZLEZDHEREED T3, &5 TlEReadout
No.47h’($ﬁ% U7=mEZRERMOEILICEA L TOZDEICDOVWTREN
E-

Higher accuracy and reliability for gas flow and liquid material supply are re-
quested with the miniaturization and high integration of leading edge
semiconductor device. To meet these requirements, at Kyoto Fukuchiyama
technology center, we developed a primary flow standard equipment, and
obtained the ISO/IEC 17025 accreditation. Now, we are minimalizing the
deference between the calibration results against the primary flow standard and
the calibration results using process gas flow measurement method. And we are
developing secondary flow standard devices. In this issue, we introduce the
subsequent status about our flow standard technology reported in Readout
No.47.

T &I FEPER L7z, A ARELIEIZDWTISO/IEC 1702552
ED—DTHHNVLAPRRE " HUE L, AT ERIEIC
B SR IS = A 7 v 7 (38R s 8 & s & L7230 DWW T HISO/TEC 170257878 A5 0 #Efi & HED TV B,
W%ﬂﬁﬂﬁﬁlﬁﬁﬂ%%&@*”ﬁﬁﬁm%ﬁo TV 5o PERTINA A
DAL - ESERILIZE, < AT RO BTN AL *1: NVLAP Lab Code 600160-0
ﬁW):—J*ﬁFTt’WJEIéEﬁL’\@%‘&k# FDo0Hh L, I
WL AT v 7iE, INSEOERIZIGZ S 7O
B L 2w @y 2 2 ay —+ % — (Figure 1) %
20134E12H \2BAE L 720 B WFeBIge R 1L, EIRERE &
Mo—=H TN %iEllEY AT L2OREB LN ML —
F ) T A ROFRESE, FEEA T 0 v AR OGN E
WARF R O L2 % W -5 LB & T b,

TRARFHI G 25 O mAB EEAL R E IR Lo 720121, B
wromtERib e & 12, ZNHIHBET 2 S k5 R TR ML
T — & DA E%T%%o

TR T 7 o a Y —X v ¥ — TlEEE R o=
RGBS TELRFTORMBEE L TCBY, BRET
EHEEOE WAL E o Tnb, $72, 64515 Figure 1 Kyoto Fukuchiyama Technology Center
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NVLAPEEE R {F

YT AT v 7 Tl 7 A A BN AR AT ZERT (Na-
tional Institute of Standards and Technology, PA'F
NIST) ®&8% 7’1 75 2 National Voluntary Laboratory
Accreditation Program (NVLAP)IZ X V), EEAHHE AR
1 ILAC-MRA) i & @ F85%E % 201745 H 1 H A1) THUS:
L7z

ARENG L TICROFIHE 1T 720
a) FRERR & T DRIE O PE
FEEEMIE & 2 7 4 (Gravimetric system) : SRoGSIZ
X BRIE R OISR X AR E 0 S & L7zo
b) A& IE & A 7 A SRoGSIZ & B BIE O 7 24 MRk 2
DFD & 9124772,
D)l v 5 2% (Transfer Device) & 5o
LENEE )~ A 7 10 —E Y 2 — L Criterion D500%
T HHT 5,
2)FEE R E & A 7 A CTransfer DeviceZ#IEL, R
WD SEHI AT o
3) Transfer Device % EIZ AR (S EIINIST) 12, £&KIE

MR L BITEM L TRIELTH S,

[FJIRS VAR A R & BRE B (NVLAP) 12 %43 %,
4)2) TORIEAER & EIREMER (NIST) 1281 2 KIEAS

B s, EIREER F 72135 MR TRUBRPT I L

ERNT =R Y AT EAT ) o /37 F —~ 2 AEHIE

ISO/IEC 17043 : 2010 M®EBIZH 2 E 5 (E,

number, Equation 1) T1- 72,

gmSTEC — gmNIST

E, = T ERRRITTRTTe (1)
\/U%TEC + Ukisr + Uis

gmstrc - STECIZ BT 2 & =it w1 7 4k

gmnist - NISTIZ B 5 E &t & E R

Ustec : STECIZ BT B3R OIFEARHE D S

Usist - NISTIZ B 2 #E RO JLREA ) X

Urs : Transfer DevicelZ#E K9 5 IEEAHE D &

BT 5o

|E, | <1 AT+ —<v A (BfY)

|E, | >1 Rz 7r—<v A (FEkEx)
AANENIST T/ 7 + —< ¥ AFFMi 2 17> TW 772w iz,
iR A Table 112779,

Table 1 Result of the inter laboratory comparison
NIST flow STEC flow Expanded Uncertainty
/Flow on / / AQm/% E» number S
gm/SCCM g min~" g - min~" Unist Ustec Urs mance
GEER 0.012510 0.012511 0.001 0.025 0.04 0.03 0.02 v
’ 0.012511 0.012511 —0.002 0.025 0.04 0.03 —0.04 v
49.8439 0.062299 0.062297 —0.003 0.025 0.039 0.03 —0.05 v
99.6523 0.124609 0.124549 —0.048 0.025 0.036 0.03 —0.91 v
585.856 0.732445 0.73226 —0.025 0.025 0.036 0.03 —0.48 v
10 041.1 12.5615 12.5498 —0.093 0.025 0.10 0.03 —0.87 v
30 415.7 37.9747 38.0148 0.105 0.025 0.11 0.03 0.90 v
50 524.3 63.0413 63.1473 0.168 0.025 0.18 0.03 0.91 v
Table 2 Calibration and Measurement Capacity
Measured Parameter Range Expanded Uncertainty Remarks
0.012 498 g/min < gm < 0.624 92 g/min"°*? 0.08%
0.624 92 g/min < qm < 12.498 g/min""*® 0.10% Notes
— Dynamic Gravimetric Method"°*
Gas Mass Flow gm 12.498 g/min < gm < 37.495 g/min""* 0.12%
Gas : Na, Ar, Oq, 37.495 g/min < gm <62.49 g/min""®° 0.20%
g_F‘hCSOFs, 0.012 498 g/min < gm < 0.624 92 g/min"**? 0.12%
ir, 2,
N,ONote ! 0.624 92 g/min < gm <12.498 g/min"*? 0.12%
Calibration against Working Standard "***”
12.498 g/min < gm < 37.495 g/min""** 0.25%
37.495 g/min < gm < 62.49 g/min""*® 0.30%
Note 1 About the other inert gases, we may be able to calibrate after technical consideration.
Note 2 For example, 10 sccm < gm < 500 sccm for nitrogen gas (Nz),
Note 3 For example, 500 sccm < gm < 10 sIm for nitrogen gas (Nz),
Note 4 For example, 10 sim < gm = 30 sIm for nitrogen gas (N2)
Note 5 For example, 30 sIm < gm < 50 sIm for nitrogen gas (N2)
where sccm is volumetric flow rate: cm®/min converted on 0°C, 101.325 kPa,
sim is volumetric flow rate: I/min(dm®/min) converted on 0°C, 101.325 kPa
Note 6 Supply pressure to Meter under test: < 450 kPa absolute, Temperature: 25.0+0.5C.
Note 7 Inlet pressure of the working standard: 250-325 kPa absolute, Temperature: 25.0+0.5C.
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(CMC, Calibration and Measurement Capacity [HFR
B illERE)) X, Table 1COMERICRIFE(LE A A
TTable 208 ) HFE L 72,
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EHAEAZR (Working Standard)
FEH~A 70 —F Y 2— )b Criterion D5002 O Hifi %
W 2BFE D EET OIS R 1T T\ b,
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Criterion D500 & 73V 7 % [ & \Flow restrictor (&t
FZTIRPUE, LT, VA M) 2 &) o BiRMES], TRl
FENxMESTDEN N T VAT 2= —%2E5HEDO LD
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ETHIERTH %,

b)Super Criterion
FREDCriterion Plus®ZE M BN A7 A EEIC b SR
ZMAT2d O T AT Do TLHIZBIT S
MESREMEISR S L O 2 2 L% HEIZHEP T,
HESEFTH 5,

¥ L RITDOLRER

HiZE 35 ML —HEY) 71 EROMEE%Figure 317K
T o EIRFIEEERICEEF N L =Y 71 OH/:
A AN =R (Gravimetric system) & S JRIZH#EZ: &
L, EHR YA 70—%EY 2—LCriterion D500 > Hiil
RV ERI Y EEESRE LT, BRMCEATES X
NHND L —HE ) 74 RRDOREEEZ T T b,

FEEEBIE Y X7 L SRoGS
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> > D D 4
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Figure 2 Gravimetric System: SRoGS
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@%D‘I‘%*ﬂ?@%% Standard
Y Reference Standard
SRR (Gravimetric System : SRoGS)

e Working Standard
%Fﬁ*ﬂ‘@ (EA®X~¥Z278—EY 2—Jb Super Criterion)

Working Standard for end users

(EHxX~RX70—F 2—JU Criterion plus)

O TTTT—

Figure 3 Target flow rate traceability system
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F—=AYAT70—a L b —F A= —% LWL E &I
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T =Y OREHEENIAHE VS22 DRI L, ZD20
[ N7 2 B 36 0 N R SE AT AR S R FT STt At v
y — % IR B) 21T ) TRETH b,

W T AT v 7 TIEFNUIINZ T 7t 25 Z el e H
®Rate Of Rise (ROR)System ™ & SRoGS® H.i% % # fif vh
ThHb,

EHUIC

W T AT v 7 FHEfEmlr 2 2 ay -k % —Toh
A G R DR A £ 1SO/IEC 1702538 BUS D IR % 43
rL720

WHT AT v 7 BIEROHAE Ay v =y ad”
TH Do TDZNIT AN 728 O FE LRl % W7 L
HEROFBIZHMT 2B LV RD LN TV 5, fEKIE
FEBY & L CISO/IEC 17025585 & #MEFr L\ Hilf 7 70 ALt 2 1L
T A EITABEROBLVWERBLT A Z L TH S,

A L 72 R AR OBl 2, WA R S O R
AR T AL LI, W ATy 7l ko T
0L AAA - HARTERESM 2§ 2 2 &b XU Rm
IR A 2L TERORERIZEBL T <,
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Pressure-Based Mass Flow Control Module
CRITERION D507 Series

HE, I0TICL B2FEEETFNAZOT TV r— 3 > OEMICEWN, &k
WOFEFRTIHICHOWTREBOAE I ZALER/IMNITEIENEE
BETHD, 2DED, FEXRTBORIFTREBXALFK—2 > FOR
BENOEFRME BN, FEFTOEIDEEIEE DEINCEIERIK
DEIBIEDPFTHh TWVWD, 2OV ARRICH LT, X 78—-3> b
O—ILET1—id, BREShZEBRRELREST S0, 7TOEXHX
DHRERERVEFERENRE L, EHZTEDFELZFIZWRER
BCINA, BRBE, TEEGRERMORHEERI E V- 7=REEEN KD 5
hTwW3,D507> ) —XIGHEFEOFERTHZICH TZ I KR—%> bD
BLWERBICHIETNLKD500Y ) —XIZEBIMZ A >Fy TEh-8%
THb,

RH BAKEB

Kentaro NAGAI

Recently, with the increase of application of a semiconductor device according to
loT, the latest semiconductor factories are focusing to minimize the downtime of
the apparatus. Therefore, for the purpose of failure pre-detection of
semiconductor tools and its components, the managed parameters of
semiconductor process are increased, and its specification is getting tighter. In
order to satisfy the required control criteria, the mass flow control module is
required to have high-speed communication and failure pre-detecting function as
well as flow rate accuracy and reproducibility, inlet pressure insensitivity
performance. D507 series is lined up on D500 series to meet strict management
at recent semiconductor factory.
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Real-time Measurement of Cp,Mg Vapor Concentration
using Non-Dispersive Infrared Spectroscopy

FEENXLA A - FEDOBILH) JTLRFEFRTNA ZDEETOE X
ICHAWSOhBEX L VAR EZI TR I LDA XEEN, EDEFRN
WUINAHFEIC L STV TIVEALICBIETED L IICE -0 BEDH
HEBMBEOBEE LIRS Y, C-HESDEAIRENICHF S 12.8 umDFRSHt
WINEFIAT 2T, BRENDHIEEINEFSBONTWS, 5N
FAF -2 &R T2E, 7OCXFICF v o NICHEHEI NI HEE
I, BAMETED SETE SN BEE B AESTBEL THY, £LNT5—
RMUVCES>THRBERXZDX v U T HAREBEREEI» ELE->TWVD
CEDPRD oI AR T, AIERMFMERBREREEDHICH/BNT 2,

® K9t

Daisuke HAYASHI

Vapor concentration of bis-cyclopentadienyl magnesium, which is used for
fabrication of gallium-nitride semiconductor devices such as blue light-emitting
diodes, was measured by using non-dispersive infrared (NDIR) spectroscopy.
Different from conventional NDIR measurements, infrared absorbance at 12.8
pm corresponding to C-H bending motion was utilized. From the measurement
results, it becomes obvious that the vapor concentration was largely different
from the concentration calculated from the saturation vapor pressure, and that
the concentration and its dependence on carrier flow rate could be varied
according to bubbler bottles. In this article, the detail of measurement technology
along with experimental results was described.
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cyclopentadienyl magnesium : Cp:Mg) (& F DMgD
HELTASHWONTVEMETH L, FORFENLT A
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Figure 1 The infrared absorption spectrum of Cp=2Mg measured by

FTIR. The FTIR measurement system was Model: FG-100
provided by HORIBA Co., Ltd., with HgCdTe detector and 2.4
m optical path length.
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Figure 2 Schematic of the NDIR measurement system.
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Figure 3 Experimental setup of Cp2Mg bubbling and real-time vapor
concentration measurement.
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Figure 4 Result of real-time measurement of Cp=Mg vapor
concentration using the NDIR.
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Figure 5 Difference of measured vapor concentrations between 2
bottles of Cp2Mg.
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Table 1 Comparison of Cp=2Mg mass consumption calculated from
NDIR measured concentration and measured bottle weight
loss for continuous bubblings.
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Phone : (565)11-2923-5400  Fax : (55)11-2923-5490

MIRA do Brasil Servigos de Engenharia Ltda.
Parque Tecnolégico Sdo José dos Campos, Centro
Empresarial ||-Sala 2104, Avenida Doutor Altino
Bondensan, No. 500-Distrito de Eugénio de Melo,
CEP: 12247-016-Sao José dos Campos/SP

Phone : (55)11-96990-6475

TCA/HORIBA Sistemas de Testes Automotivos Ltda.
Rua Goias 191 Vila Oriental, Diadema, Sao Paulo,
CEP : 09941-690 Brazil

Phone : (55)11-4224-0200  Fax : (55)11-4227-3133

HORIBA Canada, Inc.
Unit102, 5555 North Service Road Burlington,
Ontario, L7L 5H7 Canada
Phone : (1)905-335-0234
London Office
347 Consortium Court, London, Ontario, N6E 2S8
Canada
Phone : (1)519-668-6920

Fax : (1)905-331-2362

Fax : (1)519-668-8437

HORIBA United States Holding, LLC
HORIBA Americas Holding Incorporated

HORIBA Instruments Incorporated
9755 Research Drive, Irvine, CA 92618, U.S.A.
Phone : (1)949-250-4811 Fax : (1)949-250-0924
Albany Field Office
Suite 104, 58 Clifton Country Road, Clifton Park, NY
12065, U.S.A.
Phone : (1)-518-331-1371
AnnArbor Office
5900 Hines Drive, Ann Arbor, M1 48108, U.S.A.
Phone : (1)734-213-6555  Fax: (1)734-213-6525
Austin Office
9701 Dessau Road, Suite 605, Austin, TX 78754,
U.S.A.
Phone : (1)512-836-9560
Chicago, IL Field Office
554 Anderson Drive, Unit A Romeovile, IL 60446,
US.A.
Phone : (1)815-372-9076
El Monte Field Office
9420 Telstar Ave, Suite 103 El Monte, CA 91731,
U.S.A.
Phone : (1)626-542-3005
Houston Office
5390 Bay Oaks Drive, Pasadena, TX 77505, U.S.A.
Phone : (1)281-482-4334  Fax: (1)281-674-6058
Novato Field Office
1359 Bel Marin Keys Blvd, #20, Novato, CA 94949,
U.S.A.
Phone : NA Fax :NA
HORIBA New Jersey Optical Spectroscopy Center
20 Knightsbridge Rd, Piscataway, NJ 08854, U.S.A.
Phone : (1)732-494-8660  Fax : (1)732-549-5125

Fax : (1)512-836-8054

Portland Office

10110 South West Nimbus Avenue, Suite B-11,
Portland, OR 97223, U.S.A.

Phone : (1)503-624-9767  Fax : (1)503-968-3236
HORIBA Reno Technology Center

3740 Barron way Reno, Nevada 89511, U.S.A.
Phone : (1)775-358-2332  Fax : (1)775-358-0434
Sunnyvale Office

430 Indio Way, Sunnyvale, CA 94085, U.S.A.
Phone : (1)408-730-4772  Fax: (1)408-730-8975
Tampa Field Office

400 North Ashley Drive, Suite 2600, Tampa, FL
33602, U.S.A.

Troy Office

2890 John R Road, Troy, MI 48083, U.S.A.

Phone : (1)248-689-9000  Fax : (1)248-689-8578
Atlanta Field Office

5871 Glenridge Drive, Suite 475, Atlanta, GA,
US.A.

Beltsville Field Office

6800 Virginia Manor Rd., Beltsville, MD 20705,
US.A.

MIRA North America Inc.

1400 North Woodward Avenue, Suites 250, Bloomleld
Hills, MI 48304, U.S.A.

AUSTRIA

HORIBA (Austria) GmbH

Kaplanstrass 5, A-3430 Tulln, Austria

Phone : (43)2272-65225  Fax : (43)2272-65225-45

BELGIUM
HORIBA Europe GmbH
Antwerp Branch
Duwijckstraat 17, 2500 Lier, Belgium
Phone : (32)3-281-57-92 Fax : (32)3-230-06-95

HORIBA Czech
Prague Office
Prumyslova 1306/7, CZ-10200, Praha 10, Czech
Republic
Phone : (420)246-039-265
Olomouc Factory
Zeleznicni 512/7, 772 00 Olomouc, Czech Republic
Phone : (420)588-118-365 Fax : (420)585-310-725

[FRANCE |
HORIBA Europe Holding SASU

Avenue de la Vauve - Passage Jobin Yvon - CS 45002
- 91120 Palaiseau, France

HORIBA FRANCE SAS
16-18, rue du Canal, 91165 Longjumeau Cedex,
France
Phone : (33)1-69-74-72-00 Fax : (33)1-69-09-07-21
Les Ulis Office
12. Av des Tropiques Hightec Sud, F-91955 Les
Ulis, France
Phone : (33)1-69-29-96-23 Fax : (33)1-69-29-95-77
HORIBA Europe Research Center
Avenue de la Vauve - Passage Jobin Yvon CS
45002 - 91120 Palaiseau, France
Phone : (33)1-69-74-72-00 Fax : (33)1-69-31-32-20
Villeneuve d’Ascq Office
231 rue de Lille, 59650 Villeneuve d’Ascq, France
Phone : (33)3-20-59-18-00 Fax : (33)3-20-59-18-08
HORIBA ABX SAS
Parc Euromédecine, rue du Caduce, BP7290, 34184
Montpellier Cedex 4, France
Phone : 33(0)4-67-14-15-16 Fax : 33(0)4-67-14-15-17

HORIBA Europe GmbH / Oberursel Office
Hans Mess Strasse 6, D-61440 Oberursel, Germany
Phone : (49)6172-1396-0 Fax : (49)6172-1373-85
Darmstadt Office
Landwehr Strasse 55, D-64293, Darmstadt,
Germany
Phone : (49)6151-5000-0 Fax : (49)6151-5000-3865
Dresden Office
Hugo-Junckers-Ring 1, 01109 Dresden, Germany
Phone : (49) 351-8896807 Fax : (49)-351-8896808
Hanover Office
Bayern Strasse 29, D-30855 Langenhagen,
Germany
Phone : (49)511-7410-95
Korschenbroich Office
Friedrich Ebert Strasse 9-11, D-41352 Korschenbroich,
Germany
Phone : (49)2161-47537-0
Leichlingen Office
Julius Kronenberg Strasse 9, D-42799 Leichlingen,
Germany
Phone : (49)2175-8978-0  Fax : (49)2175-897850
Munich Office
SchleiBheimer strasse 253, D-80809 Munich, Germany
Phone : (49)89-2444-779-0 Fax : (49)89-2444-779-10

Fax: (49)511-7410-53

Potsdam Office
Dennis Gabor Strasse 2, D-14469 Potsdam, Germany
Phone : (49)3316-4900-70 Fax : (49)3316-4900-74
Stuttgart Office (Boeblingen)
Hans Klemm Strasse 56, D-71034 Boeblingen,
Germany
Phone : (49)7031-677-9440 Fax : (49)7031-677-9450
Stuttgart Office (Neuhausen)
Zabergaeustr. 3, D-73765 Neuhausen, Germany
Phone : (49)7158-933-800 Fax : (49)7158-933-899
Wolfsburg Office
Klauskamp, Heinenkap Il 38444 Wolfsburg, Germany
Phone : (49)5361-38653-16 Fax : (49)5361-38653-24
HORIBA Jobin Yvon GmbH
Neuhof strasse 9, D_64625, Bensheim, Germany
Phone : (49)89-62-51-84-750 Fax : (49)89-62-51-84-7520
ITALY

HORIBA ITALIA Srl
Via Luca Gaurico 209, 00143 Roma, Italy
Phone : (39)6-51-59-22-1 Fax : (39)6-51-96-43-34
Milano Office
Via Cesare Pavese, 19 20090 Opera Milano, Italy
Phone : (39)2-57-60-30-50 Fax : (39)2-57-30-08-76
Torino Office
Via Feroggio, 30, 10151, Torino, Italy
Phone : (39)11-904-0601 Fax : (39)11-900-0448
HORIBA ABX SAS
Italy Branch
Viale Luca Gaurico 209/211, 00143 Roma, Italy
Phone : (39)6-51-59-22-1 Fax : (39)6-51-96-43-34
MAURITIUS

MIRA Engineering Service Mauritius Ltd.
9th Floor, Orange Tower, Cybercity, Ebene, Mauritius
NETHERLANDS
HORIBA Europe GmbH
Netherlands Branch
Science Park Eindhoven, 5080 (Industrial park
“Ekkersrijt”) 5692 EA Son Netherlands
Phone : (31)40-2900240 Fax : (31)40-2900624
POLAND
HORIBA ABX Sp. z 0. 0.
ul. Putawska 182 02-670 Warzsawa, Poland
Phone : (48)22-673-2022 Fax : (48)22-673-2026
PORTUGAL
HORIBA ABX SAS
Portugal Branch ;
Alfrapark Estrada de Alfragide 67, Edilcio
F - Piso 0 Sul, 2610-008 Amadora, Portugal
Phone : (35)12-14-72-17-70  Fax : (35)12-14-72-17-89
ROMANIA
HORIBA (Austria) GmbH
Romania Branch
B-dul.Republicii, nr. 164, Etaj Parter, Birourile nr. 3
si 4, Pitesti, 110177, Judetul Arges, Romania
Phone : (40)348-807117 Fax : (40)348-807118

HORIBA 000

Altulevskoe shosse, 13, building 5, 127106, Moscow,

Russia

Phone : (7)495-221-87-71
Zelenograd Office
Office 106, 2nd West st., 1, build 1, 124460,
Zelenograd city, Moscow, Russia
Phone : (7)499-995-09-54

Fax : (7)495-221-87-68

HORIBA MIRA SPAIN, S.L.
Calle Oicios, nave 22, 04620 Vera (Almeria), Spain
Phone : (34)-950-39-11-53
HORIBA ABX SAS
Spain Branch
Avenida Caidos de la Division Azul 16, 28016 Madrid,
Spain
Phone : (34)91-353-30-10 Fax : (34)91-353-30-11

HORIBA Europe GmbH
Sweden Branch (Gotehnburg)
Grimboasen 10 A, S-417 49 Gothenburg, Sweden
Phone : (46)10-161 1500  Fax : (46)10-161 1503
Sweden Branch (Sodertalje)
Sydhamnsvagen 55-57, SE- 15138 Sodertalje, Sweden
Phone : (46)8-550-80701  Fax : (46)8-550-80567
TURKEY
HORIBA Europe GmbH
Istanbul Office
Kigclkbakkalkéy Mah. Kayisdagi Cad., Flora
Residence No:3/2504, 34750
Atasehir/istanbul, Turkey
Phone : (90)216-572-1166 Fax : (90)216-572-1167
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HORIBA World-Wide Network

HORIBA UK Limited

HORIBA UK Finance Limited

Kyoto Close, Moulton Park, Northampton, NN3 6FL,
United Kingdom

Phone : 44(0)1604 542500  Fax : 44(0)1604 542699
HORIBA Jobin Yvon IBH Ltd.

133 Finnieston Street, Glasgow G3 8HB, United
Kingdom

Phone : (44)141-229-67-89 Fax : (44)141-229-67-90
HORIBA Test Automation Ltd.

Teme House, Whittington Hall, Whittington Road
Worcester, WR5 2RY, United Kingdom

Phone : (44)1905-359359 Fax : (44)1905-359332

HORIBA MIRA Limited

HORIBA MIRA Certification Limited
MIRA 2014 Limited

MIRA Int’l Limited

MIRA Land Limited

MIRA Technology Park Limited

Watling Street, Nuneaton, Warwickshire, CV10 0TU,
United Kingdom

Phone : (44)24-7635-5000

HORIBA MIRA Limited
Quatro Park
Unit 1, Quatro Park, Paycocke Road, Basildon,
Essex, SS14 3GH, United Kingdom
Phone : (44) 1268-290100

CHINA

HORIBA INSTRUMENTS (SHANGHAI) Co., Ltd.
No.200, Taitao Road, Anting Town, Jiading District,
Shanghai, 201814, China

Phone : (86)21-6952-2835 Fax : (86)21-6952-2823

HORIBA (China) Trading Co., Ltd.
Unit D, 1 Floor, Building A, Synnex International Park,
1068 West Tianshan Road, Shanghai, 200335, China
Phone : (86)21-6289-6060 Fax : (86)21-6289-5553
Beijing Branch
12F, Metropolis Tower, No. 2, Haidian Dong 3 street
Beijing 100080, China
Phone : (86)10-8567-9966 Fax : (86)10-8567-9066
Guangzhou Branch
Room 1611/1612, Goldlion Digital Network Center,
138 Tiyu Road East, Guangzhou 510620, China
Phone : (86)20-3878-1883 Fax : (86)20-3878-1810
Shanghai Service Center
Room 303, No.84, Lane887, Zu-Chong-Zhi Road,
Zhangjiang Hi-tech Park, Shanghai, 201203, China
Phone : (86)21-5131-7150 Fax : (86)21-5131-7660
Shanghai Technical Center
No.200, Taitao Road, Anting Town, Jiading District,
Shanghai, 201814, China
Phone : (86)-21-6289-6060 Fax : (86)-21-6289-5553
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Beijing HORIBA METRON Instruments Co., Ltd.
Chaoyang District, Bei Yuan Road 40, Beijing,
100012, China

Phone : (86)10-8492-9402  Fax : (86)10-8492-7216

MIRA China Ltd.

Block B, Suite 501, Honggiao Sunnyworld

No. 1226 South Shenbin Road

Shanghai, 201106, China

Phone : (86)21-6220-6377 Fax : (86)21-6220-6379

(NnDIA |
HORIBA India Private Ltd.
246, Okhla Industrial Estate, Phase 3, New Delhi,
110020, India
Phone : (91)11-4646-5000
Bangalore Office
No.55,12th Main, Behind BDA Complex, 6th sector,
HSR Layout, Bangalore South, Bangalore-560102,
India
Phone: (91) 80-4127-3637
Chennai office
The ground foor New No. 41, Old No. 15/3, Velachery
Road, Little Mount, Saidapet, Chennai - 600015, India
Phone : +(91)-44-42077899
Haridwar Factory
Plot No. 26, Sector-7, IIE, SIDCUL, Haridwar,
Uttarakhand - 249403, India
Phone : (91)-1334-239139
Technical Center
D-225, Chakan MIDC Phase-II, Bhamboli Village,
Pune-410501, India
Phone : (91)-02135-676000
Godown
Plot No. B-57, Wagle Industrial Estate, Off Road
No.31, Thane, Tal : THN1 (THANE-ZONE1 Pin :
400604)
INDONESIA |
PT HORIBA Indonesia
JL. Jalur Sutera Blok 20A, No. 16-17, Kel. Kunciran,

Kec. Pinang Tangerang 15144, Indonesia
Phone : (62)21-3044-8525  Fax : (62)21-3044-8521

Fax : (91)11-4646-5020

HORIBA KOREA Ltd.
202-525, 94-Gil, lljik-Ro, Manan-Gu, Anyang-
Si, Gyeonggi-Do, 13901, Korea
Phone : (82)-31-296-7911 Fax : (82)-31-296-7913
Ulsan Office
613, Doosan We've the Zenith, 1877, Sinjeong-
Dong, Nam-Gu, Ulsan-Si, 44679, Korea
Phone : (82)52-275-0122 Fax : (82)52-276-0136
HORIBA STEC KOREA, Ltd.
98, Digital valley-ro Suji-gu, Yongin-si Gyeonggi-do
16878, Korea
Phone : (82)-31-8025-6500 Fax : (82)-31-8025-6599

HORIBA Instruments (Singapore) Pte. Ltd.
3 Changi Business Park Vista #01-01 Akzonobel
House, Singapore, 486051
Phone : (65)6-745-8300
West Office
83 Science Park Drive #02-02A, The Curie Singapore
118258
Phone : (65)6-908-9660

HORIBA Taiwan, Inc.
8F.-8, No.38, Taiyuan St. Zhubei City, Hsinchu
County 30265, Taiwan (R.O.C.)
Phone : (886)-3-5600606 Fax : (886)-3-5600550
Tainan Office
1 Floor, No.117, Chenggong Road, Shanhua,
Township Tainan country 741, Taiwan (R.O.C.)
Phone : (886)6-583-4592  Fax : (886)6-583-2409

HORIBA Holding (Thailand) Limited
393 395 397 399 401 403 Lad Ya Road,
SomdetChaophraya, Klongsan District, Bangkok
10600, Thailand
Phone : (66)(0) 2 861 5995 Fax : (66)(0) 2 861 5200
HORIBA (Thailand) Ltd.
393 395 397 399 401 403 Lad Ya Road,
SomdetChaophraya, Klongsan District, Bangkok
10600, Thailand
Phone : (66)(0) 2 861 5995 ext.123  Fax : (66)(0) 2 861 5200
East office
850/7 Soi Lat Krabang 30/5, Lat Krabang Road,
Lat Krabang, Bangkok 10520
Phone : (66)(0) 2 734 4434 Fax : (66)(0) 2 734 4438

VIETNAM
HORIBA Vietnam Company Ltd.
Unit 6, 10 Floor, CMC Tower, Duy Tan Street, Dich

Vong Hau Ward, Cau Giay District, Hanoi, Vietnam
Phone : (84)-24-3795-8552 Fax : (84)-24-3795-8553

Fax : (65)6-745-8155
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