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MATERIALS PROCESSING WITH LOW PRESSURE PLASMA:
PRESENT ISSUES AND POSSIBLE SOLUTIONS

MASAHARU SHIRATANI
Kyushu University, 

Agenda
3 crisis on information & possible solutions

1. Data Storage: 3D memory
100ºC a-SiNx by PECVD

2. Data Transmission: E/O device
3. Data Processing: Quantum Computing

ZION by Inverse SK mode using sputtering
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3 information crisis

インターネットがICTを変革する

4

Aggregation of
knowledge

2010～1990s

Big
data

AI

IoT

Cyber 
society

Cloud

SNS
Web

E-mail

Value 
creation

Information
accumulation

Information 
transmission

� ICTは、ビッグデータ、AI、IoTを軸にイノベーションが続く
� 次々と起こるパラダイムシフトが生成情報量の拡大を生み出し
ている

11

2030年までにヨッタバイト䛾情報量に達する

� 年率140%䛾急激な情報量䛾増加が続き、こ䛾まま䛾ペースが
続け䜀2030年までに䛿総情報量䛿1ヨッタバイトを超える（10䛾
24乗バイト： 70億人が一人当たり140 テラバイトを持つ）

� ストレージ容量䛾伸び䛿年率120%程度にとどまる

Yotta=1024 Each Person has Tera Byte Info in2030. 
3 crises on information:
Data Storage, Transmission, Processing.
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Data storage crisis
Demands
Ultra-high capacity , high speed, low energy consumption 
Hard disk to flash memory with 3D & low energy.
96 Memory Layers fabricated by making 1.7 trillion holes 

of 100 nm dia & 4.5 µm deep.

Ref. TOSHIBA(2016)

Q.
成分はどうやって導出したのか？
A.U=QV

池上先生
Q.シャドウ効果の理論は，どのくらいの微粒
子間距離で働くのか？周りの微粒子の影響
は？
A.周りの微粒子の影響があり，多体問題と
なっている．調べたところ，二体間距離がおよ
そ60

Q.シャドウ効果はフラックスの存在しない領域
に見かけの電荷が発生して起きている？
A.そうではない．イオンの衝突がない領域が
あるために，その方向に押す力がなくなること
によって起きている．

中村先生
Q.複数の微粒子が動いている映像と
の映像があったが，この違いは実験的なもの
なのか？
A.はい．微粒子数をコントロールし，
でプラズマ中に導入するのは難しいのが現状．

板垣先生
Q.微粒子を入れたことによるプラズマ状態へ

96 Layers =64G Byte
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Breakthroughs in Semiconductor Integration

1948  Transistor (Bell Lab.) by J. Bardeen, W. Brattain, W. Shockley
1956  Novel prize in physics
1958  Integrated ciruit (Texas Instr.) by J. Kilby
2000  Novel prize in physics
1974  Plasma etching (reactive ion etching) by N. Hosokawa (Anelva Co.)
1980  Flash memory by F. Masuoka (Toshiba Co,)

6

3 key issues of plasma processing of devices

1. Feature profile evolution
2. Process damage
3. Process fluctuations

process

plasma others

process

plasma others
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3 key issues of plasma processing of devices

1. Feature profile evolution
2. Process damage
3. Process fluctuations

process

plasma others

process

plasma others
Front-end processes

1970 2020

Plasma
10%

Plasma
71%
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反応性プラズマエッチング(RIE)

University of California, Berkeley PLASMA

ANISOTROPIC ETCHING

︷ ︸︸ ︷ ︷ ︸︸ ︷
Wet etching Ion-enhanced plasma etching

icpig23May05 9

University of California, Berkeley PLASMA

ISOTROPIC PLASMA ETCHING

1. Start with inert molecular gas CF4

2. Make discharge to create reactive species:
CF4 −→ CF3 + F

3. Species reacts with material, yielding volatile product:
Si + 4F −→ SiF4 ↑

4. Pump away product

ANISOTROPIC PLASMA ETCHING

5. Energetic ions bombard trench bottom, but not sidewalls:
(a) Increase etching reaction rate at trench bottom
(b) Clear passivating films from trench bottom

Mask

Plasma
Ions

LiebermanMinicourse10 6

After M. Lieberman
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State of the art semiconductor integration

どんどん小さくなるトランジスタ�

Design Wave Magazine 2009 February 129

ます．オリジナルの4004はスタティックCMOS回路では

なかったことを考えて，トランジスタ数が倍になったとし

てもこの面積はタダといってよいほどの小さな面積です．

4004はシンプルすぎるので米国Motorola社（現在は

Freescale Semiconductor社）のCPU「68000」を考えてみ

ます．68000は約70000トランジスタということなので，こ

れを45nmプロセスで作ると，1辺が約94μmの正方形の

中に納まる大きさになります．標準的なボンディング・パッ

ド（外側のピンに接続するためのICチップ上の接続個所）の

大きさが100μm四方ですから，ボンディング・パッド一

つ分で68000が作れることになります．つまり，先端

CMOSプロセスを使うと，UNIXが動くようなCPU（CPU

だけだが）をチップに追加しても，ほとんどチップ全体の

コストは変化しません．これは例えばアナログ回路の補正

用などだけにCPUを使っても全然構わないということを示

しています．

● どんどんトランジスタは速くなる

最小ゲート長が短くなると，トランジスタの増幅力，ト

ランス・コンダクタンスが増加し，かつ寄生容量が低下し

てトランジスタをより高速に動かせるようになります．

CPUのクロック周波数が年々向上してきたのは，このトラ

ンジスタの高速化によります（最近は頭打ちになっている

がこれは発熱による制限）．

トランジスタの高速化をトランス・コンダクタンスと寄

生容量の比，

f T＝gm/2π（Cgs＋Cgd）

からグラフ化したものを図3に示します．この図からゲー

ト長が半分になるとトランジスタが2～3倍に速くなって

きたことが分かります．CMOS技術を使ったミリ波（60GHz

帯）トランシーバのチップが出てきたのも，これらトラン

ジスタの高速化によります．

● どんどん電源電圧も下がってしまった

指数的な微細化はトランジスタ面積の指数的な低下とス

ピードの向上をもたらしてきましたが，実は良い点ばかり

ではありません．単にデバイスを小さくして同じ電圧をか

けると，デバイスが小さくなったぶん電界（電圧÷距離）

が大きくなってしまうため，デバイスが破壊されてしまい

ます．従って微細化に伴って電源電圧も下げる必要があり

ます．

電源電圧は「電源電圧＝最小線幅×10 MV
メガ・ボルト

」などといわれ

ています．最小ゲート長が0.35μmのプロセスでは3.5V，

プ
ロ
セ
ス
・
テ
ク
ノ
ロ
ジ［
μ
m
］�
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10

1
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0.01
1980 1990 2000 2010

図1 CMOSプロセスの微細化の推移

最小ゲート長は2～3年で1世代（0.7倍に，つまり面積が半分に）進むペー
スで進展を続けた．2007年では最小ゲート長が45nmまで到達している．

10μm

7μm
5μm

2.5μm
3.5μm

1.8μm
1.2μm

0.6μm
0.35μm

0.25μm
0.18μm 65nm

90nm 45nm

ゲート長�

図2 製造プロセスとMOSFETの面積

同じゲート幅，ゲート長の比を持つMOSFETを10μmルールから45nmルールまでほぼ同一のスケールで描いたもの．

②3D layer stacking: 24➡48➡64➡96 Layers 
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temporal variations. Process variations are variations due to lack of control on the 
fabrication process, since no two devices are exactly the same at atomic level. 
Environment variations are variations due to lack of perfect control over the 
environment (temperature, voltage, etc) in which the circuit must operate. Finally, 
temporal variations are variations, which cause the device to behave differently at 
different times, as NBTI, for example. 

 The types of variations can be divided in global and local. Global are variations 
in the value of a parameter for the entire wafer, while local are device-to-device 
variations within any single chip. This distinction is important because these types 
require different statistical treatment for proper determination of impact on yield. 

 With these two classifi cations, we can build a matrix of variations, as shown in 
[ 17 ]. This matrix is presented in Table  2.1 .

   The main focus here is about process variations, both global and local effects. 
In the next section we will discuss specifi c issues about process variations. 

 Figure  2.2  shows the classifi cation of variations employed in [ 39 ]. The varia-
tions are divided into two main categories: systematic and random variations. This 
classifi cation is motivated by the differences in the root causes of the different types 
of variation.

  Fig. 2.1    Expected technology scaling [ 3 ]       

   Table 2.1    Matrix of variations   

 Process  Environment  Temporal 

  Global   <L g  > and < W>, <layer 
thicknesses>, <R>’s, 
<doping>, <t ox >, <V body > 

 Operating temperature 
range, V DD  range 

 <NBTI > and hot electron 
shifts 

  Local   Line Edge Roughness (LER), 
discrete doping, discrete 
oxide thickness, R and V body  
distributions 

 Self-heating, hot 
spots, IR drops 

 Distribution of NBTI, voltage 
noise, SOI V body  history 
effects, oxide breakdown 
currents 

 

2 Process Variability

①Miniatualization=Moor’s law

1.7 trillion holes of 100nm dia.&4.5 µm deep are made simultaneously by 
plasma etching.

Key trends: Nano&3D
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Elementary processes in plasma CVD

K. Koga, et al., Appl. Phys. Lett., 77 (2000) 196.

6

1~3次反応：表面反応を利用

基
板
温
度
：

従
来
法
30
0℃

→
10
0℃ k = A exp(-Ea/kBT)

2次反応
気相反応

基板温度が高く(300℃)、表面反応
により高品質なSiN膜が生成される。

基板温度が低い表面反応が進ま
ず、(水素が離脱しない、窒化しず
らい）低品質なSiN膜が生成される。
(N/Si~0.5, 膜中水素量~1022)

過去：プラズマ気相中の反応が軽視された理由の一つ

1次反応、2次反応のみを利用

成果①低基板温度における⾼品質膜製成

1次反応
電子衝突生成

3次反応
表面反応

Plasma

SiH4

e N2

radicals nanoparticle/cluster
ion・e

k: reaction rate, Ea: activation energy 
kB: Boltzmann’s constant

化学反応速度：アレニウス則

ln
 k

1/T [1/K]

300℃

100℃

k:2万倍違う!

ex.) SiN

プラズマプロセス(PECVD)

低温化

従来手法 低温製膜の課題

Secondary 
reactions

Surface 
reactions

Primary reactions
Electron impact
reactions

Demand
Lowering 
Substrate temperature
300 ºC ➡100 ºC

Motivations
Less device damages
Less thermal expansion
Less film stress
Polymer substrates

A-SiNx films and SiOx multilayers are employed in 3D flash memory.
Reduction in film stress is one of main issues for increasing stacking layers.
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Surface processes in plasma CVD

M. Kondo, Jpn. Inst. Enegry, Vol. 87, No. 3, (2008)

⇧
5.Desorption

1.Adsorption 
4.Surface
migration 

3.Surface reaction 2.Reflection

5 elementary surface processes
Slower surface process rates at lower temperature.

⇩
Difficulty in nitriding and dehydrogenating films 
at low temperature.
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Three experimental methods

K.Koga, et al. : J. Vac. Sci. Technol. A, 22 (2004) 1536.

Three quartz X’tal sensors
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KENTO MORI, HIROSHI OHTOMO, DAISUKE YAMASHITA, HYUNWOONG SEO, NAHO ITAGAKI, 
KAZUNORI KOGA, MASAHARU SHIRATANI

Kyushu University,744 Motooka, Nishi-ku, Fukuoka, 819-0395, Japan.
Corresponding author : K. Mori (e-mail: k.mori@plasma.ed.kyushu-u.ac.jp)

Spatiotemporal structure of fluctuation of interactions between plasmas and nanoparticles
in capacitively-coupled rf discharge reactive plasmas

2. EXPERIMENTAL

4. SUMMARY

M. Shiratani, et al., JPS Conf. Ser., 1 (2014) 5083

Gas : Ar + DM-DMOS (1.25Torr)
DM-DMOS: Si(CH3)2(OCH3)2
Dimethyldimethoxysilane
Ar : 40 sccm
DM-DMOS : 0.2 sccm

Capacitively coupled rf discharge reactor

We evaluated time evolution of fluctuation of interaction 
between plasmas and nanoparticles using envelope analysis.

1. BACKGROUNDS
Interactions between plasmas and nano-interfaces 
in processing plasmas are important, because the 
interactions affect composition, structure, and 
characteristics of nanomaterials [1]. To study 
such interactions, we have employed 
nanoparticles in reactive plasmas as a model of 
the nano-interfaces, and have revealed that 
applying amplitude modulation (AM) to 
discharge voltage reduces size dispersion of 
nanoparticles in plasmas [2]. Here we have 
analyzed spatiotemporal evolution of nanoparticle 
amount in reactive plasmas using envelope 
analysis to study interaction fluctuation between 
plasmas and nanoparticles in reactive plasmas.

RF frequency :  60MHz
RF power :  -2.0dBm W (30W)
Discharge period Ton = 8s
AM frequency :  100Hz
AM level :  30%

nano-particleselectrons radicalselectric field

nonlinear coupling

0
10
20
30
40
50

LL
S 

in
te

ns
ity

 (a
. u

. )

-8

-4

0

4

8

in
te

ns
ity

 (a
. u

. )

3. RESULTS & DISCUSSION

Time evolution of the LLS 
intensity
→Time evolution of 
nanoparticles amount

Time evolution of the amplitude 
of nanoparticles amount 
(=envelope)
→Quantity of interactions 
between plasmas and 
nanoparticles

Time evolution of fluctuation 
components of envelope
→Time evolution of 
fluctuation of interactions 
between plasmas and 
nanoparticles

LLS intensity @4mm

Wave of specific 
frequency

envelope

fluctuation of envelope

ii. Envelope analysis

extracting fluctuation component of envelope

obtaining envelope

extracting specific frequency component of 
fluctuation of nanoparticle amount

i. FFT analysis

The wave with one specific 
frequency of fluctuation of 
nanoparticle grows
→Response of nanoparticles 
amount to plasma fluctuation

Frequency (Hz) Frequency (Hz) Frequency (Hz) Frequency (Hz)

Floating potential, optical emission intensities and emission intensity ratio are fluctuated at AM frequency and its 
higher harmonics. In addition, fluctuation at subharmonics such as 3/5fAM = 60Hz is observed in the power spectrum 
of LLS intensity. It suggests that the amount of nanoparticle is non-linearly coupled with the radical density.

Interactions
Electrons
Ions
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Plasma
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charge
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LLS : Laser Light Scattering
OES : Optical Emission Spectroscopy

Amplitude 
Modulation

532 nm YAG laser: 2W
Height of laser sheet:16mm height(z=2-18 mm)
Width of laser sheet: 1mm

Floating potential OES of I750.4nm OES ratio(I811.5nm / I750.4nm) Intensity of LLS

Te=3eV, Ne=108-1010cm-3

iii. Spatiotemporal development of LLS and envelope fluctuation

IUMRS-ICAM 2017, Yoshida Campus, Kyoto University, Kyoto, Japan, August 30, 2017

LLS intensity (Fig. (a))
�Fig. (a) shows the high intensity region extends from the plasma/sheath boundary to 
the center of the discharge. It indicates that nanoparticles generate this area.
Fluctuation of envelope (Fig. (b) and (c))
�Fig. (b) shows three kinds of structure. Firstly, strong fluctuation propagates from 
the plasma/sheath boundary near the rf electrode to the center of the discharge. 
Secondly, there are development of the fluctuation such as the wall at edge of 
electrodes. Thirdly, fluctuation propagates local at 5 ≤ |r |≤ 25 mm.
� Fig. (c) shows local fluctuation propagates at all discharge region is dominant.

→We need to make clear that the correlation of fluctuation between fAM and 3/5fAM .

We have applied envelope analysis to nanoparticle amount in amplitude 
modulated plasmas to obtain spatiotemporal development of fluctuation of 
interactions between plasmas and nanoparticles. We found propagation of 
fluctuation of envelope of LLS intensity at fAM and 3/5fAM .

[1] M. Meyyappan, et al., J. Phys. D., 
44 (2011) 174002.
[2] M. Shiratani, et al., Jpn. J. Appl. 
Phys., 53 (2014) 010201.

C5-P31-010

RF

GND

RF

GND

RF

GND

Deposition method In-situ detection of clusters 
(>2nm) in plasma

In-situ detection of cluster 
incorporation into films

Cluster
Eliminating 
filter
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SiHxN

Downstream
SiNx films with clusters

Upstream
SiNx films without clusters: Conventional plasma CVD films

SiHxNy radicals

Conditions

Pressure 0.5 Torr

SiH4 1-10 sccm

N2 10-500 sccm

Frequency 60 MHz

Power 20 W

Tsubstrate 55, 100 ℃

Te ~ 4 eV

ne 2×109 cm-3

Upstream films vs downstream films
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N concentraton in SiNx clusters

Si3N4(Atomic%~57.1 %)

Cluster Size [nm}

N concentration in SiNx clusters is analyzed by EDS with TEM.
Smaller clusters contain higher N concentration.
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Smaller clusters have higher reactivity

• Smaller clusters have smaller heat capacity.
• Smaller clusters have larger surface to volume 

ratio (specific surface area).
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Smaller clusters have higher reactivity

Smaller clusters have smaller 
heat capacity.

Smaller clusters have larger 
surface to volume ratio.
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T=100℃

Upstream films without clusters
・Low N/Si = 0.5
・High H concentration > 1x1022 cm-3

Downstream films with clusters
・High N/Si > 1.3
・Low H concentration < 5x1020 cm-3

detection limit

Upstream films vs downstream films
N/Si and H concentration
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FTIR of downstream films
Si-H

N2 : SiH4=3: 300

N2 : SiH4 =1 : 300



九州⼤学
Kyushu University

16

Upstream films vs downstream films
complex refractive index n-ik @ 500 nm

T=100℃

Upstream films without clusters
・n = 2.0 — 2.4
・k = 3x10-2 — 5x10-2 Optical loss

Downstream films with clusters
・n = 1.6 — 2.1
・k = 10-4 — 3x10-2

・k < 10-4 Transparent
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N/(Si+N) and refractive index n of amorphous SiNx films
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Ref) Narita, et al.、Fuji Jiho, Vol.78,No.4(2005).
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Conventional a-SiNx films a-SiNx films in this study

A-SiNx films with clusters show another trend of refractive index.
➡Cluster inclusion is a tuning knob for optical properties of films.
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Conclusion: part 1

Surface reactions are hard to take place at low substrate temperature.

A-SiNx films of N/Si > 1.3 and low H content are obtained 
at 100 ºC by containing SiNy clusters into the films.

Cluster inclusion is a tuning knob for optical properties of films.

Demand for a-SiNx films
Lowering 
Substrate temperature
300 ºC ➡100 ºC

Motivations
Less device 
damages
Less thermal 
expansion
Less film stress
Polymer substrates
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MATERIALS PROCESSING WITH LOW PRESSURE PLASMA:
PRESENT ISSUES AND POSSIBLE SOLUTIONS

MASAHARU SHIRATANI
Kyushu University, 

Agenda
3 crisis on information & possible solutions

1. Data Storage: 3D memory
100ºC a-SiNx by PECVD

2. Data Transmission: E/O device
3. Data Processing: Quantum Computing

ZION by Inverse SK mode using sputtering
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Eff. (%)

FF
Jsc

(mA/cm

Voc (V)

DR (nm/s)

Trends of Si semiconductors: the periodic table

1980
Now     

12 elements
71 elements
Out of 118 elements

1980: 12 elements
Now: 71 elements
Out of 118 elements
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• wide band gap: 3.37 eV (direct)
• abundance of reserves
• large exciton binding energy (60 meV)

Why ZnO?
promising for 
excitonic devices

substrate

S G D

output optical 
signal (O)

exciton
recom-
bination

e
h

exciton
generation

common electrode

incident light

e
h

e
h

input electrical signal (E)

Grosso et al., Nature Photonics 2009

operating speed & size of E/O

Exciton
transistor

Directly 
modulated lasers 

(LD)

op
er
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g 
sp

ee
d 

(G
H

z)

device size (index of degree of integration)
μmmm

10

100
Electro-optic

effect
(polymer) 

Electro-
optic 
effect
(LN) Electro

- absorp-
tion effect

Si optical 
modulator

(MZM)

nm

exciton transistor

Exciton transistors may enable “on-chip” optical interconnect 

E/O & O/E are bottlenecks of data transmission.
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ZION and ZAON

i
T T

T

H He
Li Be B C N O F Ne

NaMg Al Si P S Cl Ar

Rb Sr Y Zr NbMo c Ru Rh Pd Ag Cd In Sn Sb e I Xe
Cs Ba La Hf a W Re Os Ir Pt Au Hg Tl Pb Bi Po At Rn
Fr Ra Ac Rf Db Sg Bh Hs Mt --- --- --- --- --- ---

K Ca Sc T V Cr Mn Fe Co Ni Cu Zn Ge As Se Br KrGa

(ZnO)x(AlN)1-x “ZAON”

(ZnO)x(InN)1-x “ZION”

4.5

4

3.5

3

2.5

2

1.5

Eg
(e
V)

ZAON ZION

[Zn]/([Zn]+[In])[Zn]/([Zn]+[Al])
1     0.8     0.6     0.4     0.20.6          0.8

N. Itagaki, et al. 
Mater. Res. Express (2014)

S. Urakawa, 
N. Itagaki, et al. 
Proc. ICPIG 
(2019)

Furuki et al., 
Jpn. J. Appl. Phys. 
(2019)

Ø First principles calculation
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• Band gap is tuned in a wide range (1.5 eV -3.0 eV)
• Optical absorption coefficient is high of 105 cm-1

1.00.2 0.4 0.6 0.8
[Zn]/[Zn+In]

2.0Eg
 (e

V
)

1.5

2.5

3.0

ZnO
rich

InN
rich

Wavelength/ nm

%
T

Optical Transmission Bandgap Absorption coef.

九州⼤学
Kyushu University(ZnO)x(InN)1-x Novel Materials
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FET Photo/dark current
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九州⼤学
Kyushu University(ZnO)x(InN)1-x Devices

Conductivity can be controlled by voltage, light, and so on…



九州⼤学
Kyushu University

25

Generalized Structure Zone Diagram: 
3 factors=Temperature, Kinetic Energy, Film Thickness

A. Anders, Thin Solid Films 518 (2010) 4087

derived from Thornton’s diagram

E* = normalized kinetic energy

t* = normalized film thickness

J. A. Thornton,  J. Vac. Sci. Technol. 11 (1974) 666

T* = T/Tm normalized temperature and potential energy
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glass�

PolyJZnO:Al&

���

RF!magnetron!spubering!!!
�Gasses:!Ar!+&N2&&
��Pbase!:!5×10?5!!Pa!��Pgas!:!0.3!!Pa!
��Tsub:!300�!
�!Targets:!ZnO!(Tosoh!Corp.)!
�Substrate!:!quartz!glass!
�Thickness:!10!nm!

Fabrica9on&of&IMC&buffer&layers&on&glass&substrates&

RF!magnetron!spubering!!!
�Gas:!Ar��Pgas!:!0.3!!Pa!
�Tsub:!200�!
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High quality ZnO based TCO 
on Nitrogen Mediated Crystallization (NMC) buffer

Zn
O N

ZnO nuclei

glass
nucleation control by 

nitrogen addition

九州⼤学
Kyushu University

Novel factor= impurity

NMC buffer

Zn O

Al

glass
ZnO:Al film deposition 

on NMC seed layers

ZnO:Al on NMC buffer

• Crystallinity
• Morphology

• Crystallinity
• Electrical properties
• Transparency

���
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improved&by&using&IMC&buffer&layers&
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I. Suhariadi, et al., Mater. Res. Express 1 (2014) 036403. 

Google Scholar
zinc oxide 185 millions
The lowest resistivity of 
very thin ZnO: Al

AZO
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High mobility amorphous ITO is realized by Impurity Mediated 
Amorphization (IMA).

九州⼤学
Kyushu University

Novel factor= impurity
九州大学

Kyushu University
まとめ

14

IMA法による高キャリア移動度かつナノ結晶フリーなa-ITO薄膜の作製を試みた

不純物添加法は，高品質a-ITO作製に有用な手法である

研究成果

・表面平坦性に優れたa-ITO薄膜の作製に成功

・ナノ結晶フリーなa-ITO薄膜の作製に成功

・世界最高レベルの高キャリア移動度を有する
a-ITO薄膜の作製に成功

IMA法による高品質a-ITO薄膜の作製

Ar/N2スパッタリングプラズマ中の原子密度計測

・膜表面に入射する窒素原子フラックスが，ターゲットから飛来する酸素原子フラック
スに比べ優勢になったときにアモルファス構造が形成されることを明らかにした

九州大学
Kyushu University

プラズマ中のO原子およびN原子の絶対密度計測

12

膜表面に入射するN原子フラックスがターゲット起因のO原子に対して
優勢になった時に結晶核生成が抑制されることを明らかにした
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N原子密度

ターゲット起因の
O原子密度

結晶 アモルファス

気相中のＯ原子およびＮ原子密度

25 30 35 40
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 (a
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.)

2theta (deg.)

0%

0.65%

1.5%

N2/(Ar+N2) = 5.0%

In2O3 (400)In2O3 (222)

Ts:150oC

X線回折スペクトル

crystalline amorphous

N atom density

O atom   
density

1. Amorphous without any crystals,
2. Amorphous up to 300C,
3. High mobility of 55 cm2/Vs,
4. Smooth surface < 0.3nm RMS roughness.

Work with Prof. Hori, Nagoya Univ., Japan.
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Impurity adsorption to nuclei 

•Lower film growth temperature

Illustration of the most simple  
nucleation theory

How to reduce nucleation rate ?

How to control nucleation&growth of ZnO crystal ?

•Interfere nuclei growth before 
they reach critical radius

critical 
radius Nitrogen

Zn3N2ZnO

[N] 17.5 at.%

Zn
O

(0
02

)

Zn
O

(1
01

)

α-
Fe

(s
am

pl
e 

st
ag

e)

In
te

ns
ity

 (a
.u

.)
[N] 15 at.%

[N] 2.5 at.%

30            40             50             60            70
2 theta (deg.)

N. Itagaki et al. 
APEX 4 (2011) 

XRD patterns

amorphous

I. Suhariadi, et al., Mater. Res. Express 1 (2014) 036403. 
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Kyushu University
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Inverse SK mode=A novel and useful film growth mode
Hetero-epitaxy on lattice mismatched substrate

2D growth

Two common growth modes

2D layer

Stranski-Krastanov
(SK) mode 3D island

Volmer-Webber 
(VW) mode

3D island

“Inverse SK mode”
New growth mode

3 requirements
#1. in&out of plane aligned grains,
#2. atomically flat surface,
#3. nm grains reduce strains.

Nano crystallites realize stress control.
Impurity reduces surface energy of nuclei.
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Kyushu University
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Morphology of buffer layer

• AFM	images	of	buffer	layers
conventional IMC

Rms 
�2 nm

Rms 
�0.2 nm

• XRD	φ	scan	of	(101)	plane

In
te
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ity

 (a
rb

. u
ni

ts
)

0                 60              120
φ (deg.)

conve-
ntional

In-plane	alignment
([10-10]//[11-20])

N2=0 sccm N2=2 sccm

IMC	method	provides	high	nuclei	density	&	very	
smooth	surface

buffer

HighLow Grain	density

Rough smoothRoughness

Results		“	Growth	of	single	crystalline	ZnO	on	lattice	
mismatched	substrate	-Morphology	of	buffer	layer-”

IMC

c-Al2O3	

3 requirements
#1. in&out of plane aligned grains,
#2. atomically flat surface,
#3. nm grains reduce strains.
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Morphology of ZnO on buffer layer

 20.00 nm

 0.00 nm

100nm

9

ZnO	on	conventional	buffer ZnO	on	IMC	buffer
Rms
�30 nm

Rms
�0.5 nm

Atomically-flat	ZnO	films	with	0.26-nm-high	steps	
are	fabricated	on	c-Al2O3 by	sputtering

High	nuclei	density,	Smooth	surface
Low	strain	&	interface	energy

Lateral	growth
enhanced

• AFM	images	of	ZnO on	buffer	layers

IMC
method

buffer

c-plane	ZnO
buffer

buffer

Results		“	Growth	of	single	crystalline	ZnO	on	lattice	
mismatched	substrate	-Morphology	of	ZnO	on	buffer	layer”

c-Al2O3	
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MBE&SCAM-grade epitaxial ZnO films has been fabricated by IMC method. 

• XRD results / Rocking curves

�������
����

�������

omega (deg.)

In
te

ns
ity

 (a
.u

.)

Conventi-
onal
FWHM
0.49o

on Ar/N2
buffer  0.013o

15      16      17      18      19
omega (deg.)

16      17      18      19      20

on IMC 
buffer 
FWHM
0.093o

(0002) (1011) 
-

this study
(sputter)

����������
�������������������

Ohtomo, et al., Appl. Phys. Lett., 75 (1999) 25 
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Growth of single crystalline ZnO on lattice mismatched 
substrate -Crystallinity of ZnO on buffer layer
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3) N. Itagaki, et al., Mater. Res. Express 1 (2014) 036405. 
4) K. Matsushima, et al., Jpn. J. Appl. Phys. 52, 11NM06 (2013)

ZION (ZnO)x(InN)1-x ~ a pseudo-binary alloy of ZnO and InN~3, 4)

・direct tunable bandgap (0.7-3.4 eV)
・high absorption coefficient ~ 105 cm-1

・high piezoelectric field (0.89 MV/cm)
N

Zn
O
In Wurtzite structure

33/1
0

Properties of ZION

1.00.2 0.4 0.6 0.8
[Zn]/[Zn+In]

2.0Eg
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3.0

ZnO
rich

InN
rich

Wavelength/ nm

%
T

Transmittance Band gap Absorption coefficient

ZION is a promising material for
absorption layers of solar cells.
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RF magnetron sputtering
�Gasses: Ar, N2, O2
�Pgas : 0.3  Pa
�Tsub: RT-450℃
�Targets: ZnO, In
�Substrate: ZnO template5

�Radical Source: ECR plasma

����
Kyushu University

Fabrication of single crystal ZION films

Substrate

In target

100 mm2 inch

ZnO 

target

Radical 
source

K. Kuwahara, et al., Thin Solid Films 520 (2012) 4674–4677.

c-plane sapphire
substrate

ZnO template

ZION

RMS:0.14 nm

Single crystal ZnO
on c-plane sapphire
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380nm

Single crystalline (ZnO)x(InN)1-x films have 
been fabricated by using SC-ZnO grown in 
“inverse SK mode”

(ZnO)x(InN)1-x
AFM image

(ZnO)x(InN)1-x on SC-ZnO
grown in “inverse SK 

mode”

mobility＠RT 〜110 cm2/Vs (d=30 
nm)

N and O density in 
plasma

measured by VUVAS
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K. Mathusima, et al., IEEE Trans. Plasma Sci. (in press)

九州⼤学
Kyushu UniversitySingle crystalline ZION for the first time
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Cross sectional TEM

1µm ZnO/c-plane sapphire1µm ZnO/c-plane sapphire

Inverse-SKConventional

100 nm ZION
on Inverse-SK 

1µm ZnO/c-plane sapphire

ZION

ZnO

sapphire

ZnOZnO

sapphiresapphire

Dislocation density
108 cm -2

Dislocation density
1010 cm -2
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18N. Miyahara, et al., Materials Science Forum 941(2018) 2099-2103.

K. Mathusima, et al., MRS Advances 2 (2017), 277-282.

Single crystalline ZION films show strong blue and 
green emission at  room-temperature.

Photoluminescence(PL) of ZION films
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PL due to defects

Growth single crystal ZION films on ZnO template 3)

1. Introduction

Photoluminescence from epitaxial (ZnO)x(InN)1-x films on sapphire substrates 
fabricated by RF magnetron sputtering

N. Miyahara, K. Iwasaki, L. Shi, H. Seo, K. Koga, M. Shiratani, N. Itagaki
Kyushu University

n.miyahara@plasma.ed.kyushu-u.ac.jp

2. Purpose

C. Optical, Semiconductor and optoelectronic films, TACT 2017, Octorber 17th, 2017, Huailen, Taiwan

wultzite stracture

N

Zn
O
In

1.5

2.0

2.5

3.0

3.5

0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1

B
an

dg
ap

 (e
V

)

[Zn]/([Zn]+[In])

ZnO

InN

Wavelength (nm)

%
T

rich

rich

Photon energy (eV)

101
1.0 1.5 2.0 2.5 3.0

106

102

103

104

105

α 
(c

m
-1

)

ZION
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c-Si ZION
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(ZnO)x(InN)1-x
Transmittance Band gap Absorption coefficient

1) N. Itagaki, et al., Mater. Res. Express 1 (2014) 036405.
2) K. Matsushima, et al., Jpn. J. Appl. Phys. 52 (2013) 11NM06.

�direct tunable band gap in a   
range of 1.7-3.3 eV.
�high absorption coefficient

~105cm-1

�potentila materials for LED, 
transistor, and solar cell

(ZnO)x(InN)1-x “ZION” is a pseudo-binary alloy of ZnO and InN. 1), 2)

Impurity Mediated Crystallization (IMC) 4)4. How can we fabricate single crystalline ZION films on sapphire substrates?

Two common growth modes

2D layer

Stranski-Krastanov
(SK) mode 3D island

Volmer-Webber 
(VW) mode

3D island

No lattice matched substrates exist for ZION across the entire composition range of (ZnO)x(InN)1-x

ultra-flat
& ultra-small

3D island

“inverse SK mode”
2D layer

New growth mode

Three growth modes (VW, SK, and inverse SK) of heteroepitaxy with large lattice-mismatched systems.

4) N. Itagaki, et al., Appl. Phys. Express 4 (2011) 011101.

Large lattice mismatch induces…
3 dimensional growth, resulting in 
large tilt, twist angle, and large 
roughness.

 20.00 nm

 0.00 nm

100nm

RMS: ~30 nm

200 nm

RMS: ~0.5 nm

(1) 3D island growth (2) 2D growth on 3D islands

�Crystal growth interfered
�High density of ZnO crystal

nucleation
�High orientation obtained

�The growth of ZnO started at
crystal perticle of buffer layer
�Flatness of ZnO film improved

We have succeeded in growth of single crystalline ZnO films on 
18%-lattice mismatched sapphire substrates by IMC method.

380nm

RMS: 0.5 nm

We have succeeded in epitaxial growth of single crystalline ZION films on
lattice-mismatched ZnO templates.

To realize epitaxial growth of single crystalline ZION
films on lattice-mismatched sapphire substrates.
To clarify the relationship between surface morphology
and photoluminescence of ZION films.

3. Experimental
�Targets : ZnO, In
�Sputtering gas : Ar 6.6 sccm

N2 33.3 sccm
O2 3.0 sccm

�Total pressure : 0.30 Pa
�Deposition temperature (Ts) : RT-450�
�Substrate: ZnO template
�Radical source for O/N: ECR plasma
�(ZnO)0.92(InN)0.08

RF magnetron sputtering

Surface morphology of ZION films

This work was partially supported by JSPS KAKENHI 15H05431 and 
Iketani Science and Technology Foundation.

3) K. Mathusima, et al., IEEE Trans. Plasma Sci. (in press)

AFM images & RMS roughness of  ZION films
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Photoluminescence of ZION films

�RMS roughness of ZION films decreases from 2.23 to 0.25 nm with decreasing Ts from 450oC to RT.
�ZION films grow in Stranski-Krastanov growth mode. 

�ZION films deposited at RT show strong blue emission. 
�PL emissions were observed at 2.80 eV and 2.98 eV.  

�He-Cd laser : 325 nm (3.8 eV)
�Power : 10 mW
�θ = 0o

5. Conclusions

Acknowledgements

We realized single crystalline ZION films on lattice-mismatched 
ZnO templates/sapphire substrates and observed strong room-
temperature (RT) photoluminescence (PL) from epitaxial ZION 
films

The PL spectra depend on the excited 
position of the film, suggesting 
inhomogeneous chemical composition. 

�Surface morphology of ZION films was changed with increasing Ts
from step-terrace structure (�150oC) to 3 dimensional islands 
structure (�250oC).
�Strong blue and green emission of ZION films were observed, 
probably due to the low density of crystal defects acting as non-
radiative recombination centers.

Step-terrace stracture 3D island stracture

ZnO

ZION

�

�

�

�

�

�

�

�

450oC

RT

RT

RT

Step-
terrace 3D islande

HeCd 325nm (3.8eV) 10mW

380nm

step & 
terrace

AFM

(ZnO)0.92(InN)0.08 (ZnO)0.82(InN)0.18
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Exotic combination of mechanical & optical 
properties  realize optical transistor.

-6.0�10-7

-4.0�10-7

-2.0�10-7

0.0

2.0�10-7

4.0�10-7

6.0�10-7

-1 -0.5 0 0.5 1

J 
(A

/c
m

2 )

V (V)

σ"#$.&'()*+,
σ"#$.&

= 1.8

���

-1.0�10-6

-5.0�10-7

0.0

5.0�10-7

1.0�10-6

-1 -0.5 0 0.5 1
J 

(A
/c

m
2 )

V (V)

σ"#$.&'()*+,
σ"#$.&

= 1.1

 ������	�������-��������
��������������	����

���

���
���

��-
���
����


���

��
���
��-
���
����

�
�

0��16'CEC��!6���'�6 ������"�3# �8�.� !C��5# �(���$$���)�������	��( �

 �����������-��������
�����������	����

����
�� ��

-����
���
��

����
���
�-�
���
���

��

�
�

�"$E'� ���'�
���5

�
�

2E'$E'� ���'�
���5

�
�

K*- M1+OI*/

�"$E'� ���' 2E'$E'� ���'
,#"'%# � ���'�	�
�5

�

e

h

-$

,#"'%# � ���'

�8�CC#7�6'�#"
e

h

-$

�F�'#"
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Piezo field separates wavefunctions, 
prolongs exiton lifetime, realizing optical 
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Data processing crisis

A single qubit can be forced into a superposition of the two 
states denoted by the addition of the state vectors:

|y> = a |0> + a |1>

Where a and a are complex numbers and |a |   +  | a |   = 1

Quantum computing is a kind of parallel data processing, which 
reduces drastic processing time and energy.
Exciton can be employed as qubit: dark & bright exciton.

Tobias Heindel et al. APL Photonics (2017). DOI: 10.1063/1.5004147
Maria Maragkou, Nature Materials volume 14, page 260 (2015)
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Conclusions

1. Homogeneous nucleation in PECVD plasma

• High N & low H a-SiNx is realized at 100 ºC.
• Cluster inclusion is a tuning knob for film properties.

2. Heterogeneous nucleation in sputter deposition

• Inverse SK mode leads hetero-epitaxy.
• Impurity is a tuning knob for film growth.
• ZION and ZAON are new opto-electric materials.

Trends: 
3D stacking is promoting integration of ｆlash memory (sold state disk, SSD).
Novel materials are needed for novel E/O devices andquantum computing devices.


