\PANESE JOURNAL OF

PPLIED PHYSICS

JJAP




)\ >
'J J -~ Japanese Journal of Applied Physics ssn 0021-4922)

PUBLICATION BOARD (April 1998-March 1999)

Chiarman Iwao OHDOMARI Secretaries ~ Hidetoshi FukuyaMA, Katsuaki SATO
it Ch?"'g:,"f gﬁﬁoﬁmgxm Metiis Tt ublication  Toshio Goto, Shigeki MITAKU
SR he 4 SN Supervisors  Yoshikazu ToyAmA, Hiroshi KAMIMURA

Treasurers Kunio TAKAYANAGI, Tsunenori SAKAMOTO

EDITORIAL BOARD (April 1998-March 1999)
Editors-in-Chief

Shin-ichi UCHIDA (Dept. of Superconduct., Univ. of Tokyo) Michio TAJIMA (Inst. of Space & Astronaut. Sci.) j

Head Editors

Y. AOYAGI (Inst. of Phys. & Chem. Res.)
H. AWANO (Hitachi Maxell Ltd.)

T. FuiiMOTO (Kyoto Univ.)

K. HIRAMATU (Mie Univ.)

S. KAWASHIMA (Matsushita Electr. Ind.

Associate Editors

M. ADACHI (Toyama Prefect. Univ.)
Y. AMEMIYA (Hokkaido Univ.)
S. ARAI (Tokyo Inst. of Technol.)
M. ASADA (Tokyo Inst. of Technol.)
A. CHIBA (Waseda Univ.)
Y. CHO (Tohoku Univ.)
S. FUJITA (Kyoto Univ.)
J. HANNA (Tokyo Inst. of Technol.)
M. HARA (Inst. of Phys. & Chem. Res.)
. HASEGAWA (Univ. of Tsukuba)
. HASHIZUME (Hitachi Ltd.)
. HIRAKAWA (Univ. of Tokyo)

. HIRAYAMA (Tokyo Inst. of Technol.)
. HIRAYAMA (NTT Basic Res. Labs.)
. HORIUCHI (Tokyo Denki Univ.)
. IsSHII (Nagoya Univ.)

. ITO (Tohoku Univ.)

KA1 (Kyusyu Univ.)
. KAINO (Tohoku Univ.)

Co., Ltd.)

S. KOMATSU (Waseda Univ.)
M. KOMURO (Electrotech. Lab.)
A. NODA (Kyoto Univ.)

H. MATUDA (Natl. Inst. of Mater. &
Chem. Res.)

S. MATUMOTO (Keio Univ.)

K. MIDORIKAWA (Inst. of Phys. &
Chem. Res.)

S. MIWA (Sony Corp.)

S. MIYAZAKI (Hiroshima Univ.)

J. MIzUKI (Jpn. At. Energy Res. Inst.)
T. MOCHIZUKI (Himeji Inst. of Technol.)
J. MUROTA (Tohoku Univ.)

S. MuTo (Hokkaido Univ.)

M. NAITO (Hitachi Ltd.)

M. NAITO (NTT Basic Res. Labs.)

K. NAKAMURA (Tohoku Univ.)

T. NISHI (Univ. of Tokyo)

S. NITTA (Gifu Univ.)

S. ODA (Tokyo Inst. of Technol.)

Y. OGAWA (Univ. of Tokyo)

M. OHKURA (Hitachi Ltd.)

Y. TAGUCHI (Chuo Univ.)
O. UEDA (Fujitsu Labs. Ltd.) ;
K. YAMABE (Univ. of Tsukuba) |
H. YOKOYAMA (Electrotech. Lab.)

H. SASADA (Keio Univ.)
K. SATO (Tokyo Univ. of Agric. & Technol):
M. SATO (New Japan Radio Co., Ltd.) |
S. SATO (Akita Univ.)
K. SERA (NEC Corp.)
T. SUGINO (Osaka Univ.)
K. SUGURO (Toshiba Corp.)
T. TAKAHASHI (Univ. of Tokyo)
H. TAKEZOE (Tokyo Inst. of Technol.) |
S. TANAKA (Tottori Univ.) P
Y. TAZUKE (Ibaraki Univ.) ¢
1. TERASAKI (Waseda Univ.)
. TSUCHIYA (Shimane Univ.)
. TSUDA (Sanyo Electr. Co., Ltd.)
. TSUKADA (ANELVA Corp.)
. TSUKAMOTO (Sci. Univ. of Tokyo)
. TSURUMI (Tokyo Inst. of Technol.)
. TsuTsuI (Kyusyu Univ.) !
. UENO (NEC Corp.)

S. OKAMOTO (NHK Sci. & Tech. Res. Labs.) . UENO (Hitachi Ltd.)

L.
S
T
T
T
4 g
K
. KANBE (Kochi Univ. of Technol.) T
K. ONABE (Univ. of Tokyo) A. YAMADA (Tokyo Inst. of Technol.)
S
M.
M.
(4
M.
M.
J.
S,

. KAWATA (Shizuoka Univ.)

. KIKUTA (NEC Corp.)

. KISHINO (Sophia Univ.)

. KONO (Nagoya Univ.)

. KUROSAWA (Natl. Res. Lab. of
Metrology)

K. MACHIDA (NTT System Electr. Labs.)
S. MATSUI (Semiconduct. Leading

Edge Technol., Inc.)

Y. MATSUI (Assoc. of Super-Adv. Electron.
Technol.)

J. OSAKA (NTT System Electr. Labs.) . YAMADA (JAIST)

Y. OTANI (Tohoku Univ.) YAMAMOTO (NTT System Electro. Labs,)
M. OZAKI (Osaka Univ.) YAMAMOTO (Oasaka Univ.) '
M. OzEex1 (Joint Res. Cent. for At. Technol.) YAMASHITA (Toshiba Corp.)

K. SAIKI (Univ. of Tokyo) YOSHIMOTO (Tokyo Inst. of Technol.)
S. SAKAI (Tokushima Univ.) YOSHIMURA (Toyota Univ. of Technol.]
I. SAKATA (Electrotech. Lab.) YOSHINO (Tokyo Inst. of Technol.)

K. SAKUTA (Osaka Univ.) ZAIMA (Nagoya Univ.)

S. SAMUKAWA (NEC Corp.)

HPpRAKIDTHL2OoR-HA<TR-E™

Overseas Editors

J. C. Dainty (Imperial College of Sci., Technol. & Medicine, UK) E. Jaeschke (BESSY II Project Team, Germany)

C. Lodder (Univ. of Twente, The Netherlands) J. Melngailis (Univ. of Maryland, USA)

J. S. Patel (The Pennsylvania State Univ., USA) L. Samuelson (Lund Univ., Sweden) K. Uchino (The Pennsylvania State Univ., USA)
Published by Publication Office, Japanese Journal of Applied Physics
Daini-Toyokaiji Building, 24-8 Shinbashi 4-chome, Minatu-ku, Tokyo 105-0004, Japan

Copyright ©) 1998 Publication Board, Japanese Journal of Applied Physics. All rights reserved.

This publication is partially supported by a Grant-in-Aid for Publication of Scientific Research Result from the Ministry of Educa-
tion, Science, Sports and Culture.

Articles in this journal will be indexed and abstracted in electronic form at JJAP Online (http:/ wwwsoc.nacsis.ac.jp/jjap), CA

Plus, CoDAS Web, INSPEC, PASCAL and SPIN. They are also available in printed form in Abstr. Sci. & Technol. Jpn., Cam- 7.
bridge Sci. Abst., Ceram. Abstr., Chem Abstr., Curr. Cont., INIS Atomindex, Met. Abstr., MSCI, Sci. Abstr. and others.

MICRON Ex.1006 p.2



JAPANESE JOURNAL OF

APPLIED PHYSICS

{Part 1 Regular Papers, Short Notes & Review Papers)

VOL. 37 NO. 9A

September 1998

[mpact of Ofgariic Contamination on Thin Gate Oxide Quality

Diffusion and Electrical Properties of Iron-Related Defects in N-Type
Silicon Grown by Czochralski- and Floating Zone Method
Effect of Oxide Precipitate Size on Slip Generation in Large Diameter
Epitaxial Wafers
‘Comparison and Investigation of Ohmic Characteristics in the
Ni/AuZn and Cr/AuZn Metal Schemes

Non-equilibrium Electron Dynamics Phenomena in Scaled Sub-100
nm Gate Length Metal Semiconductor Field Effect Transistors:
Gate-fringing, Velocity Overshoot, and Short-channel Tunnel-
ing

Band Structure of GaP,—,N,(x=0.25, 0.5, 0.75) Ordered Alloys:

! Semiempirical Tight-Binding Calculation

Improvement in Semi-Insulating GaAs Material Quality: A Compara-
tive Study of Defects with Deep Levels

Substrate Reactivity and ‘“‘Controlled Contamination’’ in Metalor-

5 ganic Chemical Vapor Deposition of GaN on Sapphire

Electrical Instability of Hydrogenated Amorphous Silicon Thin-Film

Transistors for Active-Matrix Liquid-Crystal Displays

Initial Growth of Polycrystalline Silicon Films on Substrates Subject-

ed to Different Plasma Treatments

~ Study of Glass Transition in Mn-Doped Ge;sTegs Glass by Electron

{ Spin Resonance

Effects of Oxygen Gas Addition and Substrate Cooling on Prepara-
tion of Amorphous Carbon Nitride Films by Magnetron Sputter-
ing

Reduction of Point Defects and Formation of Abrupt Hetero-Inter-
faces in Low-Temperature Molecular Beam Epitaxy of GaAs
and GaP under Atomic Hydrogen Irradiation

Structural and Optical Studies of ZnCdSe/ZnSe/ZnMgSSe Separate
Confinement Heterostructures with Different Buffer Layers

Temperature Dependence of the Ideality Factor of Ba;—.K,BiO;
/Nb-doped SrTiO; All-Oxide-Type Schottky Junctions

Microstructural Properties of ZrSi, on Si(100)

Aspects of the Conductivity Modulation Enhancement Effect in a
4500 V Planar Metal Oxide Semiconductor Device and Its Electri-
cal Characteristics

Asymmetric Photocurrent Characteristics in GaAs/AlGaAs
Phototransistors with Very Short Carrier-Diffusion Lengths

ctors

ux Pmmng b& 's-ilbstitution in Nd;Ba,Cu;0, Single Crystals

Direct-Coupled High 7. DC Superconducting Quantum Interference
Device Magnetometers on SrTiO; Substrate: Theoretical Descrip-
tion and Comparison with Experiment

Infrared Radiation Detector with YBa,Cu30 x Thin Film

The Excghange-Coupled Field in NiO/Ni Double Layer on Silica Sub-
strates

Evaluation of Low-Temperature Specific Heats and Thermal Conduc-
tivities of REGa, (RE=Pr, Nd, Gd, Tb, Dy, Ho and Er) and
Dy;-xHo,Ga; (0<x< 1) Intermetallic Compounds as Regenera-
tor Materials

4649

4656
4663
4667
4672

4680
4687
4695
4704

4711

4718
4722

4726

4732
4737
4747
4751

4758

4764
4769

4774

4782

4787

Stefan DE GENDT, D. Martin KNOTTER, Karine
KENIs, Michel DEPAS, Marc MEURIS, Paul W.
MERTENS and Marc M. HEYNS

Shuji TANAKA and Hajime KITAGAWA

Masanori AKATSUKA, Koji SUEOKA, Hisashi
KATAHAMA, Yasuo KOIE and Shinsuke SADAMITSU
Doo-Hyeb YOUN, Maosheng HAO, Yoshiki NAo1,
Sourindra MAHANTY and Shiro SAKAI

Jaeheon HAN and David K. FERRY

Seiro MiyosHI and Kentaro ONABE
M. PAvLOVIC and U. V. DESNICA

Yuval GoLAN, Paul FinI, Steven P. DENBAARS and
James S. SPECK

Chun-sung CHIANG, Jerzy KANICKI and Kazushige
TAKECHI

Seiichi HASEGAWA, Noriyuki UCHIDA, Satoshi
TAKENAKA, Takao INOKUMA and Yoshihiro
KURATA :
Tapan Kumar CHAKRABORTY, Shoichi UEDA,
Akio KITAGAWA and Masakuni SUZUKI

Haruo YokoMiIcHI, Hiroyuki SAKIMA and Atsushi
MASUDA

Mikihiro Yokozeki, Hiroo YONEzuU, Takuto
Tsuii, Kazuya A1zAWA and Naoki OHSHIMA

Ru-Chin Tu, Yan-Kuin Su, Ying-Sheng HUANG
and Shu-Tsun CHOU

Tetsuya YAMAMOTO, Seiji Suzuki,
KAwAGuUCHI and Kazuhiko TAKAHASHI
Hyeongtag JEON and Sangbeom Kim
Kazuya NAKAYAMA and Hideo MATSUDA

Kenichi

Jun OHSAWA, Kaoru SAIGOH, Satoshi YAMAGUCHI
and Masatoshi MIGITAKA

A. K. PRADHAN, Kiyoshi KURODA, Bo CHEN and
Naoki KOSHIZUKA

Keiji ENPUKU, Tadashi MINOTANI, Atushi
KANDORI, Fumio SHIRAISHI, Joern BEYER,
Dietmar DRUNG and Frank LUDWIG

Yoshiharu KAKEHI, Tsutom YOTSUYA, Tadaoki
KusAkA, Yoshihiko Suzuki, Souichi OGAWA and
Hirofumi IMOKAWA

Nobutaka IHARA, Shingo AKAO, Satoru AKIMOTO,
Shin NARUSHIMA, Toshiaki SAI1To, Kiminari
SHINAGAWA and Tachiro TSUSHIMA

Wataru YAcGi, Hideki IwWATA and Uichiro
MIZUTANI

MICRON Ex.1006 p.3



'GaInAsP / InP Compresswely Stramed Quantum-Wire Lasers Fabri-

cated by Electron Beam Lithography and 2-Step Organometallic
Vapor Phase Epitaxy

Second-Harmonic Generation from Intense, 100-fs Ti:Sapphire
Laser Pulses in Potassium Dihydrogen Phosphate, Cesium Lithi-
um Borate and f-Barium Metaborate

Numerical Simulation of a Nuclear Pumped 3He-Ne-Ar Gas Laser
for its Optimization

Optimisation of Preparative and Performance Parameters on Elec-
trochromic Properties of Electrochemically Deposited Tungsten
Oxide Films

Spatially-Controllable Quantum Well Intermixing with Stripe-Size
Dependence in AlGaAs Heterostructures

Optimum Film Compensation of Viewing Angle of Contrast in In-
Plane-Switching-Mode Liquid Crystal Display

Simulation of Temporal Waveform Control of Laser Pulse by Fre-
quency Chirping

Real-time Incoherent Optical Pattern Recognition with Photorefrac-
tive Crystals

Submilliwatt Continuous-Wave Coherent Light Generation near
214.5 nm by Two-Stage Frequency Doubling of a Diode Laser
(Short Note)

Ion Etching of Fused Silica Glasses for High-Power Lasers (Short
Note)

Temperature Dependence of Negative Nonlinear Absorption Effect in
an Erbium-doped Borate Glass (Short Note)

Negative Pattern Generation Technique by Laser Beam Writing for
Integrated Optics (Short Note)

Raman Spectra and X-Ray Diffraction Patterns of Carbon
Nanotubes Prepared by Hydrogen Arc Discharge

Electron Affinity Difference in CdS/Si Solar Cells

Growth and Optical Properties of Ce-Substituted Fibrous YIG Single
Crystals

An Optical Deflector Using Collinear Acoustooptic Coupling Fabri-
cated on Proton-Exchanged LiNbO;

Magnetic Domain Expansion Phenomena in a Double Mask Type
Magnetically Induced Super Resolution Magneto-Optical Disk

Raman and X-Ray Studies of InN Films Grown at Different Tempera-
tures by Metalorganic Vapor Phase Epitaxy (Short Note)

Atorruc and Electromc States of Ag in Sputter Deposited Ge-Ag
Alloys Studied by Photoemission Spectroscopy and Cluster Cal-
culation

Electronic Structures and Chemical Bonding of TiX; (X=S§, Se, and
Te)

The Effect of Electrode Construction in Breakdown Time Lag of Im-
pulse Breakdown in Mineral Oil

Calculation of Nonlinear Susceptibility Tensor Components in Fer-
roelectrics

Thermally Stimulated Current and Electrical Conduction Characteris-
tics in Polychlorophenylacetylene

Anomalous Dielectric Dispersion in Tantalum Oxide Films Prepared
by RF Sputtering

Effects of Nitrogen Addition to Fluorinated Silicon Dioxide Films

Preparation and Electrical Properties of Sol-Gel Derived Zr-rich
Pb(Zr T1)03 Thm Fllms

Growth Kmetlcs of Hgl xCd xTe Epllayers by Semlclosed Open-Tube_

Isothermal Vapor Phase Epitaxy
Scattering Characteristics of the Chiral Slab for Normally Incident
Transverse Waves

4792

4801

4806
4812

4818
4822
4829
4834

4838

4840

4842

4844

4846
4850
4854
4858
4866
4870

4872

4878
4884
4887
4894
4900

4904

4914
4919

Takashi KoJjiMA, Munehisa TAMURA, Hiroyuki
NAKAYA, Suguru TANAKA, Shigeo TAMURA and
Shigehisa ARAI
Yusuke TAMAKI,
MIDORIKAWA

Minoru OBARA and Katsumi

Kaoru SAKASAI, Tsunemi KAKUTA and Masaharu
NAKAZAWA

Michael G. HUTCHINS, Nasser A. KAMEL, Nabila
EL-KADRY, Ahmed A. RAMADAN and Kamal
ABDEL-HADY

Nak-Jin SoN, Haewook HAN and O-Dae KwoN
Yukito SAITOH, Shinichi KiMURA, Kaoru
KuUsAFUKA and Hidehisa SHIMIZU

Yoshinori KATO, Hidetsugu YOSHIDA, Hisanori
FuiitA and Sadao NAKAI

Hon-Fai YAu, Nai-Jen CHENG, Ren-Han Tsou,
Hsiao-Yi LEE and Yuh-Ping TONG

Kensuke MATSUBARA, Utako TANAKA, Hidetsuka
ImAJO, Masayoshi WATANABE and Shinji URABE

Tomosumi KAMIMURA, Yusuke MoRr1, Takatomo
SAsAkl, Hidetsugu YOSHIDA, Takayuki OKAMOTO
and Kunio YOSHIDA

Yoshinobu MAEDA, Akio KoNisHI, Hidekazu
HASHIMA, Hajimu WAKABAYASHI and Toshikazu
YAMADA

Kyung Hyun PARK, Myong Wook KiM, Young
Tae ByuN, Sun Ho Kim, Wook Rae CHO, Sung
Han PARk, Ung KiMm and Sang Sam CHOI

Xinluo ZHAO and Yoshinori ANDO

Siham A. AL KUHAIMI

Takenori SEKIJIMA, Takaaki FUNAKOSHI, Kosuke
KATABE, Keiichiro TAHARA, Takashi Fuil, Kikuo
WAKINO and Masakatsu OKADA

Kenchi ITo and Kazumi KAWAMOTO

Yoshio Fuii, Takashi TOKUNAGA and Koichi
YAMADA

Wei-Kuo CHEN, Heng-Ching LIN, Yung-Chung
PAN, Jehn Ou, Chen-Ke SHU, Wen-Hsiung CHEN
and Ming-Chih LEE

Atsuko Suzuki and Kazuhide TANAKA

Yang-Soo KiM, Masataka MizuNO, Isao TANAKA
and Hirohiko ADACHI
Naoshi HirAI, Aloys AKUMU and Kiyomitsu ARIl

Junaidah OSMAN, Yoshihiro ISHIBASHI and David
R. TILLEY
Dong Wook KiM and Katsumi YOSHINO

Keiichi MIYAIRI

Seiichi HASEGAWA, Atsusi SAITO, Jorge A.
LUBGUBAN, Takao INOKUMA and Yoshihiro
KURATA

Wensheng WANG, Tomoaki KARAKI and

Masatoshi ADACHI

Bonheun Koo, Jifeng WANG, Yukio ISHIKAWA,
Chan-Gyu LEE and Minoru ISSHIKI
Ruyen RO

|
!
|

B g e

B e

MICRON Ex.1006 p.4



pisotropy in Thermal and Electronic Properties of Single Crystal
GeSe, Obtained by the Photoacoustic Method

ilastic Anomaly and Glass Transition in Dehydrated Egg White Gel
(Short Note)

Charactenstlcs of Chemlca.l Vapor Deposited Amorphous-like
Tungsten Film as a Gate Electrode

Silicon Dioxide Thin Films Prepared from Silicon Tetraacetate Using
ArF Excimer Laser by Chemical Vapor Deposition

Growth of PbTiO; Thin Film on Si(100) with Y,03 and CeO; Buffer
Layer
Fe;Si Phase Formation at Fe/Si(111)-7 X 7 Interface at Room Temper-
ature Studied by Semiempirical Theory
Growth Mechanisms of Aluminum Dots Deposited by Laser-induced
~ Decomposition of Trimethylamine Alane
Quantum Chemical Study of the Oxidation Sites in Hydrogen- and
Water-Terminated Si Dimers: Attempt to Understand the Si-Si
Back-Bond Oxidation on the Si Surface
Grain-Orientational Dependence of Cristobalite Formation in Poly-
~ crystalline £-SiC Films on Thermal Oxidation
Thickness-Dependent Orientation of the Pendant Phenyl Group at
the Surface of Polystyrene Thin Films
Solid Solubility of Nitrogen in Amorphous Carbon Films Deposited
in Electron Cyclotron Resonance Plasma
Two-Step Epitaxial Growth of Vanadyl-Phthalocyanine on Alkali-
- Halide Substrates
Gas Sensing Properties of Indium Oxide Thin Film on Silicon Sub-
strate Prepared by Spin-Coating Method

Atomic Layer Deposition of TiN Films by Alternate Supply of
Tetrakis(ethylmethylamino)- Titanium and Ammonia

A New Method for Measuring Secondary Electron Emission Yield

- from Nd Surface Bombarded by Ions from a Laser-Ion Source

Dissociation Thresholds of Low-Energy Molecular Ions on a Cu(111)

Surface

on Tra.nsport Analysns by Extended Wanmer Theory Effect of Ion
Density Gradient

A Dark Discharge Model of Earthquake Lightning

Slant Slot Antenna-Type Electron Cyclotron Resonance Plasma
Source

Negative Ion Assisted Silicon Oxidation in Downstream of Micro-

~ wave Plasma

‘The Spectrum of Electromagnetic Waves in a Planar Gyrotropic Plas-
ma Waveguide

Dopant-dependent Ion Assisted Etching Kinetics in Highly Doped

~ Polysilicon Reactive Ion Etching

Lifetime Measurements of CF, Radicals and H Atoms in Afterglow
of CF4/ Hz Plasmas (Short Note)

| ]
‘ , M

‘Hyperﬁne Structure Constants and Isotope Shift Determination in
Zrl by Laser-Induced Fluorescence Spectroscopy
- Cross Sections for Electron-Impact Dissociation of Alternative Etch-
-ing Gas, C;HF,0
Mechanism of Etch Stop in High Aspect-Ratio Contact Hole Etching

Use of Imaging Plates in Gas-Phase Electron Diffraction (Short Note)

Reconstructlon of Inhomogeneous Permrttwrty Dlstnbutlon in Bram
Phantom Using a New Capacitance Measurement Method

- Debris from High-Aspect-Ratio Rectangular Focused Laser Irradia-
tion on a Tape Target Surface in an X-Ray Laser System

Nonlinear Gain for a Subnoise-level Signal in a Digital Spectrum
Analyzer (Short Note)

4925

4931

4933

4938

4943
4949
4954

4962

4974
4979
4983
4989

4994

4999
5005

5008

5011

5016
5021

5028
5033
5039
5047

5049
5053
5060

5064

5066
5071

5076

P. M. NikoLi¢, D. M. Tobporovi¢, S. S.
VuiATovi¢, S. Diuri¢, P. MIHAILOVIC, V.
BLAGOJEVIC, K. T. RADULOVIC, A. 1. BoJCIC, D.
VASILJEVIC-RADOVIC, J. ELAzAR and D.
UROSEVIC

Atsushi NAKAMURA, Kazuhiro HARA, Akihiro
MATSUMOTO and Nobuyasu HIRAMATSU

Kow-Ming CHANG, [-Chung DENG, Chieh-Wen
SHIH, Kuen-Der LAIN and Chao-Ming Fu
Atsushi MARUYAMA, Naoki TANAKA, Kazuhiro
NAKATA, Ken YUKIMURA, Shinzo YOSHIKADO and
Toshiro MARUYAMA

Ye-Min Wu and Jyi-Tsong Lo

Kun Ho KM, Jong Duk LEE and Jeongsoo KANG

Didier TONNEAU, Frédéric THURON, Antonio
CORREIA, Jean Eric BOUREE and Yves PAULEAU
Ken SAKATA, Akitomo TACHIBANA, Shigeaki
ZAMA and Yukio YASUDA

Toshiki KINGETSU and Masaharu TAKEHARA

Nobuo UEeNO, Yasushi AZzUMA, Masahiko
Tsutsul, Koji OKUDAIRA and Yoshiya HARADA
Hidetoshi SAITOH, Tohru INOUE and Shigeo
OHSHIO

Satoru NAKAO, Hajime HoSHI, Ken ISHIKAWA and
Hideo TAKEZOE

Wan-Young CHUNG, Go SAkAl, Kengo
SHIMANOE, Norio MIURA, Duk-Dong LEE and
Noboru YAMAZOE

Jae-Sik MIN, Young-Woong SON, Won-Gu KANG,
Soung-Soon CHUN and Sang-Won KANG

Koji TAMURA, Koichi OGURA and Takemasa
SHIBATA

Hiroyuki YAMAMOTO, Yuji BABA and Teikichi A.
SASAKI

Yoshitaka KoNDO, Shogo KAJITA and Sumio
USHIRODA

Shunji TAKAKI and Motoji IKEYA

Seiichi WATANABE, Hitoshi TAMURA, Masahiro
SuMiYA, Muneo FURUSE and Sunao KAWASAKI
Takashi KOROMOGAWA, Takashi Fuiil, Akihito
YAMASHITA, Yasuhiro HORIIKE and Haruo SHINDO
Stefan T. IvANOV and Nikolay I. NIKOLAEV

Masaaki SATO

Koichi SaAsAki, Kenichiro Usul, Hiroyuki
FURUKAWA, Chihiro Suzuki and Kiyoshi KADOTA

Changhwan LiM, Keiji NOMARU and Yasukazu
I1zawA

Hideyuki TANAKA, Hirotaka ToyopA and Hideo
SUGALI

Tokuhisa OHIWA, Akihiro KoiimA, Makoto
SEKINE, Itsuko SAKAI, Shigeru YONEMOTO and umi
WATANABE

Takao IisiMA, Wakana Suzuki and Yohko E.
YANO

Akira KiMoTO and Katsunori SHIDA

Yoshiyuki HISADA, Petros ABRAHA, Kiichi
TAKAMOTO, Naohiro YAMAGUCHI and Tamio
HARA

Shigemi INAGAKI, Eizi EzuraA, Masaaki
KoBAyAsHI and Kimio MORIMOTO

MICRON Ex.1006 p.5



Potential of High-purity Polycrystalline Silicon Carbide for Thermis-
tor Applications (Short Note)

New Neutral- and Ion-Scattering Spectroscopy as Applied to Selec-
tive Adsorption of Hydrogen on Cu-Pt Alloy Surfaces (Short
Note

nlinary

Pulse Intense Electron Béam Irradiation on the Atmospheric Pres-
sure N, Containing 200 ppm of NO
On the Polymer Thickener for Viscosity-Stabilized Solar Pond

Correlation Dimensions of Human-Generated Random Numbers

Azimuth Dependence of Solar Radiation on Inclined Surfaces (Short
Note)

Erratum
Local Tunneling Barrier Height on Si(111) Reconstructed Surfaces
[37 (1998) No. 6B, 3782]

Cumulative Author Index of Volume 37, 1998, Part 1
Contents of Oyo Buturi

Contents of Journal of the Physical Society of Japan
Application Form for Publication in JJAP

5078

5080

5082
5088

5094

5098

5100

XXii

XXiv

Elder Alpes de VASCONCELOS, Wen Yi ZHANG,
Hidekazu UcHIDA and Teruaki KATSUBE

Tatsuya ASAHATA, Akio KonNDO and Ryuichi
SHIMIZU

Yoshiro NAKAGAWA and Hiroshi KAWAUCHI

Toshiro MATSUMOTO, Nobuhiro KATO and Masao
TAGA

Shigenori SHIROUZU, Yasutami TsupA, Eiko
SHIROUZU, Hisanobu SUGANO, Koichi NYURYO,
Yutaka NisHI and Masayoshi INOUE

Noboru SHIBATA

Nobuhiro HoRriGUcHI, Kazunori YONEI and
Masahiro MIYANO

MICRON Ex.1006 p.6

|
|



J, Appl. Phys. Vol. 37 (1998) pp. 4999-5004
1, No. 9A, September 1998
998 Publication Board, Japanese Journal of Applied Physics

-1 Kusong-dong, Yusong-ku, Taejon, Korea
eniTech. Inc., 106-5 Eoeun-dong, Yusong-gu, Taejon, Korea

ed March 2, 1998: accepted for publication June 17, 1998)

Introduction

Conformality of step coverage is an important factor af-
ecting deposition of TiN diffusion barriers during multilevel
metal interconnection processes in ultra-large scale integra-
ion (ULSI) technology. Generating conformal step coverage
1as become more difficult as device demensions have been
reduced, increased contact and via hole aspect ratio. TiN
chemical vapor deposition (CVD) is one of the most promis-
ng methods because it provides much better step coverage for
Ims than conventional TiN sputtering. As a result, consider-

able research has focused on TiN CVD during the last several
are 1-3)

Two types of titanium sources, TiCl4 and metalorganic pre-
cursors have been widely used with NH3 as reactive gas for
TIN CVD. In TiCly-based TiIN CVD, comparatively high
conductive TiN films with good step coverage could be de-
posited. > However, TiCly-based TiN CVD suffers in that
the deposition temperatures are too high for the process to
be applicable at all metallization levels and serious corrosion
of Al occurs, caused by Cl impurities and the formation of
adducts and particles such as NH4Cl salts. Recently, high-
quality TiN films resulting from the reaction of metalorganic
precursors and NH; have been deposited.®™® It has been un-
derstood that TiN films are deposited by the transamination
reaction of tetrakis(dialkylamino)titanium [Ti(NR)4] (where
'R=methyl, ethyl complexes) and NH3. This process, how-
‘ever, reveals poor step coverage, probably due to the highly
reactive intermediates produced in the gas phase. In addition,
this process also suffers from particle contamination caused
by the gas phase reactions between NH3 and metal-organic
precursors such as tetrakis(dialkylamino)titanium complexes.
In order to address these problems encountered with these bi-
‘nary chemistries, recent work on CVD of TiN films has fo-
cused on a single-source process using metalorganic precur-
sors.®? This process provided good step coverage, however,
it produced high resistivity and a high level of carbon con-
tamination. Therefore, a new process needs to be developed
to produce high-quality TiN films with improved conformal-

ity.

fomic Layer Deposition of TiN Films by Alternate Supply
‘Tetrakis(ethylmethylamino)-Titanium and Ammonia

-Sik MIN, Young-Woong SON, Won-Gu KANG!, Soung-Soon CHUN and Sang-Won KANG
artment of Materials Science and Engineering, Korea Advanced Institute of Science and Technology,

Atomic layer deposition (ALD) of amorphous TiN films on SiO, between 170°C and 210°C has been investigated by alter-
ite supply of reactant sources, Ti[N(C;HsCHs),]4 [tetrakis(ethylmethylamino)titanium: TEMAT] and NH;. Reactant sources
ere injected into the reactor in the following order:TEMAT vapor pulse, Ar gas pulse, NH; gas pulse and Ar gas pulse.
Im thickness per cycle was saturated at around 1.6 monolayers (ML) per cycle with sufficient pulse times of reactant sources
200°C. The results suggest that film thickness per cycle could exceed 1 ML/cycle in ALD, and are explained by the re-
iemisorption mechanism of the reactant sources. An ideal linear relationship between number of cycles and film thickness
confirmed. As a result of surface limited reactions of ALD, step coverage was excellent. Particles caused by the gas phase
gactions between TEMAT and NH; were almost absent because TEMAT was segregated from NH; by the Ar pulse. In spite
frelatively low substrate temperature, carbon impurity was incorporated below 4 at.%.

ORDS: TiN, atomic layer deposition (ALD), alternate supply, TEMAT

In the present paper, in accordance with the observation
of poor step coverage and particle generation caused by gas
phase reactions between metal-organic precursors and NH3 in
MOCVD, TiN films have been deposited on SiO, by an alter-
nate supply of TEMAT and NHj to eliminate their gas phase
reactions. Using this approach, it is possible to grow TiN
films by the atomic layer deposition (ALD) process.'*!2 As
aresult of the promotion of surface limited reactions of ALD,
conformal films can be obtained with less contact and via hole
size. Because TEMAT was separated from NH3 by an Ar
pulse, particles usually produced by the gas phase reactions
between TEMAT and NH3 were rarely detected. In spite of
relatively low substrate temperature (< 200°C), a low level of
carbon was incorporated by transamination reactions between
TEMAT and NHj3 on the surface. Therefore, the objective of
the present work is to produce high-quality TiN films with
improved conformality by the ALD process which is crucial
for the interconnection of metals in ultralarge-scale integrated
circuits.

2. Experimental

TiN films were deposited on SiO, by alternate supply of
TEMAT and NH;. Figure 1 schematically illustrates the de-
position apparatus which consists of a warm-wall reactor, a
gas switching system and a pumping system. Deposition
of all TiN films was carried out at substrate temperatures
of between 150°C and 400°C and at a pressure of 0.5 Torr.
Si0,(100 nm)/Si(100)-oriented wafers were used. Reactant
sources were 250 sccm NHj3 and TEMAT kept at 65°C to
maintain a vapor pressure of about 10~2 Torr, through which
100 sccm H; carrier gas was bubbled. 300 scem Ar gas served
as the purge gas.

The reactor and gas lines were sufficiently purged by Ar,
assuring that residual oxygen and hydrocarbon molecules
were minimized. Reactant sources were injected into the re-
actor in the following order: TEMAT vapor pulse, Ar purge
gas pulse, NH3 gas pulse and Ar purge gas pulse. These
four pulses were defined as one cycle. This cycle was re-
peated until the thickness was obtained. Figure 2 shows the
gas switching method which sequentially injects the reactant

4999
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Fig. 1. A schematic diagram of the TiN deposition apparatus.
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Fig. 2. Gas switching method which sequentially injects reactant sources
and Ar gas with pulse time. TEMAT is introduced with 100 sccm H; car-
rier gas, purged with 300 sccm Ar gas, thus 250 sccm NH3 is introduced
and purged with 300 sccm Ar gas. This periodic cycle is repeated until the
desired film thickness is obtained.

sources and Ar for each pulse. In order to clarify the TiN
growth mechanism, pulse times of reactant sources were var-
ied between 1s and 40s. In this work, a standard cycle was
TEMAT vapor pulse of 5s, post-TEMAT Ar purge of 5s, NH;
gas pulse of 10s and post-NH3 Ar purge of 5s, represented
simply by (57, 5", 10", 5").

The sheet resistance and film thickness were measured by
the four-point probe and the surface profilometer, respec-
tively. Growth rate was defined in terms of film thickness
per cycle and calculated by dividing the total TiN film thick-
ness deposited by the total number of cycles (150 cycles).
Scanning electron microscopy (SEM) was used to determine
the step coverage. Impurity incorporation and surface density
were analyzed by elastic recoil detection-time of flight (ERD-
TOF) and Rutherford backscattering spectroscopy (RBS). An
X-ray diffractometer (XRD) were employed to determine the
crystal structure.

3. Results and Discussion

A definite temperature range for TiN ALD is required not
only because the TEMAT vapors are not allowed to decom-
pose thermally, but also because the chemisorbed monolayer

J.-S. MIN et al.
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Fig. 3. The dependence of growth rates on substrate temperatures at

0.5 Torr.
(a) The approach by alternate supply of TEMAT and NH3, one cycle con-
sists of (15”,5”,10”,5”) I
(b) Conventional MOCVD using TEMAT only without NH3

(c) Conventional MOCVD using TEMAT with NH3

i
is formed on the surfaces. Also, TiN must be formed by
the TEMAT-chemisorbed chemical reactions with NH3 on the
surfaces. It is important to find out the optimal temperature
range for TiN ALD, thus, the dependence of growth rates on
substrate temperatures is shown in Fig. 3. In (a), TiN films
were deposited by an alternate supply of TEMAT and NHj,
where the growth rates are indicated by the film thickness per
cycle at the left axis. Cases (b) and (c) were carried out by
conventional MOCVD which continuously injects the reac-
tant sources into the reactor during the deposition. TEMAI
(b) and TEMAT and NH3; (c) were used as reactant sources

film thickness per cycle is saturated around 0.5 nm/cycle be-
tween 170°C and 210°C, and the other tends to gradually
increase above 240°C. By combining results from (a) and
(b), it is shown that the transition temperature from ALD
MOCVD is around 230°C. Therefore, the temperature range
for TiN ALD is limited to below 230°C. Although TiN films
were deposited using TEMAT and NH; in both (a) and (c)
different deposition results are observed. From the result of
(c), growth rates increase as a function of substrate tempera
ture between 150°C and 350°C. However, in case of (a), film
thickness per cycle is independent of substrate temperature
between 170°C and 210°C. The result of (c) is due to gas
phase reactions where the addition of NH; to TEMAT leads
to facile transamination reactions. In (a), TiN films are nol
deposited below 150°C, indicating that reactant sources an
mainly physisorbed on surfaces below 150°C. Chemisorptios
involves the formation of relatively strong chemical bonds
whereas in physisorption, the effective forces are of the weal
van der Waals type.'? Thus, weak bonds of physisorption ca
be easily purged by Ar. It can be concluded that the tempera
ture range for TiN ALD is between 170°C and 210°C.

To determine the optimal parameters for self-controlleg
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rowth by adsorption of TEMAT, the TEMAT pulse time was
aried from 1s to 15s. Figure 4 illustrates the dependence of
ilm thickness per cycle on the TEMAT pulse time at 175°C,
00°C and 240°C. At the substrate temperature of 240°C,
Im thickness per cycle increases with increasing TEMAT
pulse time, which is quite different from the growth at 175°C
nd 200°C. This is obviously due to self-thermal decom-
osition of TEMAT on the surfaces. At 175°C and 200°C,
thich are lower than TEMAT self-decomposition tempera-
ure of 230°C, film thickness per cycle is saturated at around
).5nm/cycle. After saturation level is reached, film thickness
jer cycle remains constant, and saturation level is indepen-
dent of both the TEMAT pulse time and the substrate tem-
erature. These results suggest realization of a self-limiting
process by adsorption of TEMAT and are distinct characteris-
tic of ALD process. Also, film thickness per cycle is saturated
- when the TEMAT pulse time exceeds 3s at 200°C and 10s at
 175°C, respectively. The difference in TEMAT pulse length
3; required to reach saturation level between 175°C and 200°C
is probably due to temperature dependence on adsorption rate
| of the reactant sources. Adsorption rate is described by fol-
~lows eq. (1) at constant pressure.'?

ds Ea
" —Aexp(—ﬁ> (1)

In this equation, § is coverage, E, is energy barrier to
chemisorption, A is a constant, k is the Boltzmann constant
and T is substrate temperature. Because saturated film thick-
‘ness per cycle is equal to 0.5nm/cycle at both 175°C and
200°C, it can be assumed that adsorption sites are indepen-
‘dent of the substrate temperature. Therefore, adsorption rate
increases with an increase in substrate temperature as can be
seen from eq. (1). Film thickness per cycle is saturated faster
‘at 200°C than at 175°C.

The relationship between Ar pulse time (1-20s), and ac-
tivity of gas phase reactions between TEMAT and NH3 was
investigated. Simultaneously, desorption of TEMAT and NHj

Film thickness per cycle (nm/cycle)

5 10 15 20

TEMAT pulse time(sec)

Fig. 4. Film thickness per cycle as a function of TEMAT pulse time for
film grown on SiO; at substrate temperature 175°C, 200°C and 240°C and
pressure of 0.5 Torr. One cycle consists of (1”-15”, 5", 10", 5”).

J.-S. MIN et al. 5001

chemisorbed on surfaces by Ar purge was studied. TEMAT
pulse time was fixed at 5s because the film thickness per
cycle was saturated when the TEMAT pulse time exceeded
3s at 200°C. Figure 5 shows the dependence of film thick-
ness per cycle on the post-TEMAT Ar purge time at 200°C.
Film thickness per cycle was saturated at around 0.5 nm/cycle
when post-TEMAT Ar purge time exceeded 3s. This suggests
that the gas phase reactions between TEMAT and NHj can
be inhibited and TEMAT chemisorbed on surfaces is not des-
orbed by Ar purging. Figure 6 shows the dependence of film
thickness per cycle on the post-NH3 Ar purge time at 200°C.
Film thickness per cycle is saturated at around 0.5 nm/cycle
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Post-TEMAT Ar purge time(sec)

Fig. 5. Film thickness per cycle as a function of Ar pulse time for
film grown on SiO; at 200°C, 0.5Torr.  One cycle consists of
(5117 1”-20”. ]011’ 51/).
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02

Film thickness per cycle(nm/cycle)

0.0 ok L i 1 . 1 z L
0 ] 10 15 20

Post-NH3 Ar purge time(sec)
Fig. 6. Film thickness per cycle as a function of Ar pulse time for film

grown on SiOz at 200°C, 0.5 Torr. One cycle consists of (5”,5”, 107,
17-207).
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i.e., the same results as these of Fig. 5, indicating that the
NH; chemisorbed on surfaces is not desorbed by the Ar purge.
Therefore, when Ar purge time is greater than Ss, the effects
of the gas phase reactions and desorptions of adsorbates on
film growth can be neglected.

To find the optimal parameters for self-controlled growth
by adsorption of NH3, the NH3 pulse time was varied from
10s to 40s. Figure 7 illustrates the dependence of film thick-
ness per cycle on NH3 pulse time at 200°C. Film thickness
is 0.5nm/cycle when NHj pulse time is 10s. At NH3 pulse
times greater than 10s, it is increased slightly with increasing
NHj3 pulse time and saturated at around 0.6 nm/cycle when
NHj pulse time exceeds 20s. This is probably due to the in-
sufficient NH3 pulse time. In principle, if NH3 pulse time
exceeds 20s as in Fig. 4, saturation level will be reached at
0.6 nm/cycle.

Figure 8 shows XRD patterns of 72-nm-thick-film on SiO,
produced by ALD at 200°C. The structure of TiN films is
amorphous, which is probably due to both the deficiency of
thermal driving force at low deposition temperature and de-
position on a SiO, substrate surface.

Figure 9 illustrates the ERD-TOF spectra of 72-nm-thick-
film produced by ALD at 200°C. The surface density of Ti
atoms was measured at 1.47x 10" atoms/cm® by assuming
that the TiN films were homogeneous in thickness. It is found
that 4 at.% carbon and 6 at.% hydrogen were incorporated
into the film. Despite relatively low substrate temperature,
the carbon impurity in films produced by ALD was below
4 at.%. This was much lower than the 25 at.% in films pro-
duced at 300°C using TEMAT without NH3 by MOCVD, and
was slightly lower than the 5 at.% in film produced at 200°C
using TEMAT with NH3; by MOCVD. Tentatively, the reduc-
tion of carbon atom concentration in the ALD process can be
attributed to the post-purge process followed by the introduc-
tion of reactant gas.

It is found that saturated film thickness is 0.6 nm/cycle
with sufficient pulse times of reactant sources as illustrated

—
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Film thickness per cycle (nm/cycle)
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0.0 i 1 . ! . 1 2 1 z
0 10 20 30 40 50

NH3 pulse time(sec)

Fig. 7. Film thickness per cycle as a function of NH3 pulse time
for film grown on SiO; at 200°C, 0.5Torr. One cycle consists of
(5”,5”,107-40", 5").
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in Fig. 7. To investigate whether a film thickness of 0.6 nm
is equal to 1 ML in TiN films, calculation of the distance be
tween subsequent Ti layers is required. The XRD results in
Fig. 8 confirm that the structure of the film is amorphou:
therefore, it can be assumed that TiN films are isotropic. If
we assume that the unit volume of TiN film is cubic, the av:
erage distance between Ti atoms can be represented as

1

3

d; =( i )
Ps.Ti

where pg1i, surface density of Ti atoms, :
1.47x10"7 atoms/cm?, which was measured by RBS and:
ERD-TOF in Fig. 9. Film thickness, , is 72nm, which
was measured by using a surface profilometer. The result of
computation of the average distance between Ti atoms dr; is
0.36 nm. This distance can be considered as a film thickness
of 1 ML. As shown in Fig. 7, saturated film thickness per cy-
cle is 0.6 nm/cycle, which corresponds to 1.6 ML/cycle. How:
ever it has previously been reported that film thickness per cy
cle of the ALD process is limited to below 1 ML/cycle '*-1%
It seems that this inconsistency is due to film thickness pel
cycle in TiN ALD depending not only on TEMAT pulse time,
but also on NH3 pulse time. When NHj is introduced into the
reactor, some NHj reacts with the TEMAT chemisorbed or
surfaces resulting in the formation of TiN films and part of
the remaining NH; can be rechemisorbed on surfaces. Wher
the reverse case is taken into consideration, the same effect
can be satisfied. Rechemisorption of these excess reacta

Fy

sources contribute to growth in excess of 1 ML/cycle. In prit
ciple, film thickness per cycle may be in excess of 1 ML/cycle
if all of the reactant sources can be chemisorbed on surfaces
although coverage (@) of reactant sources is lower than 1 ML
(¢ < 1). This mechanism is in good agreement with the GaZ
growth mechanism reported by Sakuma er al.!”

One of the attractive features of the ALD process is tha
film thickness is controlled simply by number of cycles
Figure 10 shows the dependence of film thickness on the n
ber of cycles at 200°C. As it is expected for the ALD proces

Si(311)

Intensity [arb.units.]

1 1 Il L L

20 30 40 50 60
20

Fig. 8. XRD pattems for film grown on SiO; at 200°C, 0.5 Torr. One ¢y
consists of (5”,5”,10”,5").
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Fig. 9. ERD-TOF spectra of detected elements for film grown on SiO; at
200°C, 0.5 Torr. One cycle consists of (5”,5”,10”,5”). (N/Ti = 0.55,
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Fig. 10. Film thickness vs number of cycles for film grown on SiO; at
200°C, 0.5 Torr. One cycle consists of (5”7, 5”, 10”7, 5”).

of film growth, film thickness remains constant over a large
number of cycles. In the present study, the ideal linear rela-
tionship between number of cycles and film thickness is con-
firmed.

The ALD process has great potential for step coverage and
conformal coating procedures which are often required in
ULSI device manufacturing due to the nature of its required

5003
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(b)

1xym

Fig. 11. Cross-sectional SEM micrographs for film grown on SiO at
200°C, 0.5 Torr into 0.6-pum-wide and 0.7-pum-deep contact holes.
(a) Conventional MOCVD using TEMAT with NH3
(b) ALD: One cycle consists of (5", 5”, 10", 5")

surface control. SEM micrographs of TiN films deposited at
200°C are shown in Figure 11. In (a), the step coverage of TiN
film produced using TEMAT with NH; by MOCVD is very
poor below 5%. It is obviously responsible for the gas phase
reactions between TEMAT and NH3, whereas, step coverage
of TiN film produced by ALD is excellent, above 90%. In
this case, film morphology is completely continuous and film
coverage is conformal around the contact periphery and into
the corners. This is due to the ALD process which is limited
by the surface reaction which, in turn, is controlled mainly by
adsorption of reactant sources on surfaces. Particles caused
by the gas phase reactions between TEMAT and NH3 were
almost absent.

4. Conclusions

ALD TiN films were grown using TEMAT and NH3. As a
results of surface limited reactions of ALD with prohibition of
the gas phase reactions between TEMAT and NHj3, excellent
results are useful in the manufacture of ULSI devices.

Film thickness per cycle was saturated at around
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1.6 ML/cycle with sufficient pulse times of reactant sources
at 200°C. The results, which were explained by rechemisorp-
tion mechanisms of reactant sources suggest that film thick-
ness per cycle could be beyond 1 ML/cycle in ALD.

The ALD technique has mainly been utilized for growth of
single crystals such as GaAs, however, this new film deposi-
tion technique is promising in its potential application in fu-
ture ULSI device manufacture particularly in terms of confor-
mality, particle elimination, accurate film thickness control,
uniformity, reproducibility and low-temperature processing.
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