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Thank you for your information. My name is Toshiyuki Kawaharamura. | belong to
Institute for Nanotechnology in Kochi University of Technology. Today’s topic is
fabrication of high quality AlOx thin films by mist CVD.
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The physical properties of high-k dielectrics

Aluminum oxide (Al,O3)

- | — e -

wide band gap 50,
high breakdown field RO 7.4-9 9.34 2653  >900
high dielectric constant HfO, 58 29 _95 199.4 707
high thermal stability 47-58 11-25 177.1 =500
low penetration -6 25-30 4120  =1000
‘ -6 15 488.8 ~ 1000
High-k gate insulators Passivation film
0% F 2 g‘lfﬁj]‘;i?;’,‘f‘/f—/ Metal gate

Bl | Thickness of oxide (nm) =3

D e e o,

gg 2.0 Gate limit

ol ]

= pl073 - ;

£3

S0

(R W
Gate voltage (V)

Leakage current between
gate contact and channel . .
through a SiO, dielectric in === —
NMOSFET High-k./Metal Gate @ Intel Corp.
@ KOCHI UNIVERSITY OF TECHNOLOGY Symp. HM4-4 2

Aluminum oxide has wide band gap, high breakdown field, high dielectric constant, and high
thermal stability. And Al,O; prevents a penetration of water or air. Therefore, Al,O3 is a
promising material for high-x gate insulator and passivation film.
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AlO,, thin film deposition method

Typical Growihirate Anneal process
Method precursor growth (nm/rmin) pressure Time: 1-2h Ref.
temp. (°C) Temp.: 350-1000°C
1 1-5

Sputtering Al, AlLOs RT-300 0.2-100 0.1-10 Pa O

VieloiV/s B Al(CH.),, AICl,  100-450 ~1-10 o} 6
PECVD Al{CHz)s, AICl;  100-300 ~1-10 ~10Pa O 7
ALD Al(CH,)s, AICl;  100-450 ~0.5-5 =100 Pa O 8-12
Sol-gel AICI 200 low 1 atm o} 13,14
Spray Alfacac), 400-650 1-10 1 atm (%) 15
Mist CVD Allacac), 300-450 10-50 1 atm (%) 16
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Several deposition processes have been employed for AIO, thin film deposition.

In these reports, annealing process is employed in order to obtain high quality AIO, film.
We have tried high quality AlIO, thin film by mist CVD.
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Several deposition processes, such as sputtering, metal organic chemical vapor deposition

(MOCVD), plasma enhanced chemical vapor deposition (PECVD), and atomic layer deposition

(ALD) have been employed for AlO, thin film deposition. Also AlO, thin film deposited by

atmospheric pressure process, such as sol-gel and spray, are reported. Anyway, in these reports,

annealing process is employed in order to obtain high quality AlO, thin film.
Then, we have tried high quality AlO, thin film by mist CVD.
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Mist & its fabrication system image

B> Mist (chemical vapor) deposition
One of the thin film fabrication techniques under atmospheric pressure.

Supply unit - Reaction unit 1) In the supply unit
dilution g the precursor solution is misted by
|:> & 2) ultrasonic transducers.
2) In the transportation
carrier the mist is transferred from the supply
1) Sub = unit into the reaction unit with a carrier gas.

ultrasomc -
transducergs

3) In the reaction unit
thin films or particles are fabricated by

heat
P} exhaust thermal decomposition.

VIf vou want to know mist CVD

Symp. E:

Functinal Oxide Thni Film &

Heterostructures for Innovative Devices
19p-M6-7 (15:45-16:15)
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Mist deposition is one of the functional thin film fabrication techniques under
atmospheric pressure. This figure is schematic image of mist deposition. In mist
deposition system, there are two parts, supply unit and reaction unit. Supply unit consists
of a solution tank and a few ultrasonic transducers. Reaction unit consists of a reactor
chamber and a heater.

First, we prepare the precursor solution and it is misted by ultrasonic transducers in the
supply unit. And next, the mist is transferred from the supply unit into the reaction unit
with a carrier gas. At last, thin films or particles are fabricated by the thermal
decomposition in the reaction unit. If you want to know the detail of mist CVD you can
join tomorrow this session in Symposium E.

In this time, fine channel type mist CVVD system was employed to grow AlO, thin films.
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The special point of mist CVVD

Toshiyuki Kawaharamura Dr. thesis (2008.03)
PL spectra and XRD measurement of ZnO thin films
grown by mist CVD at high temperature
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In the case of ZnO thin films grown by mist CVD, vacancy peak can not be seen,
because the reactor is occupied with high active oxide such as steam, and the
vacancy is repaired. This is the reason why we want fo use this method.
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In the case of ZnO thin films grown by mist CVD, vacancy peak can not be seen,
because the reactor is occupied with high active oxide such as steam, and the vacancy is
repaired. This is the reason why we want to use this method.



System & Conditions 1
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force to the substrate.
Solution mist gas
o mixing part
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Solute : Allacac), L
Solvent (Mixing ratio) @ Distiled water, Methanol (10:90)  AlOx thin films were grown
%?an%eg;?r:ﬁ? (mel/L] - (5)('3022000 at thickness around 50 nm on
Temperature (°C) : 300-450 p*-Si substrate in order fo
sibstiate ; O--Si, p*-Si evaluate breakdown field (Egp).
System : 30 mm ver. FC system at thickness around 200 nm on
Carrier gas (flow rate) Air, 2.5 L/min p’fSi substrate in order to
Dilution gas (flow rate) Alr, 4.5 L/min avaluate FI-IR and G-V
Ultrasonic transducer 2.4 MHz, 24 V-0.6 A, 3 )
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This is the schematic image of fine channel type mist CVD system. This is the supplier and this
is the fine channel reactor, which gives sources a driving force to the substrate.

The growth conditions of AlO, thin film are shown in this sheet. Aluminum acetylacetonate
was used as precursor solute. And mixture of distilled water and methanol was used as a solvent.
The concentration of precursor solution is 0.02 mol/L and substrate temperature is from 300°C to
450°C. And carrier gas is air. AlO, thin films were grown at thickness around 50 nm on high-
doped p-type Si (p*-Si) substrate in order to evaluate breakdown field and were grown at
thickness around 200 nm on low-doped p-type Si (p=-Si) substrate in order to evaluate FT-IR and
capacitance vs. voltage (C-V).
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Surface image of AlO, with Air

(AFM)

2.0 pm ~

2.0 um

9_552 nm 1,22 nm 8.921 n [ —— _469 nm
RMS: 1.462 nm RMS: 1.565 nm RMS: 1.257 nm RMS: 0.819 nm

Compardatively smooth thin film was obtained at every temp.
The roughness was smoothing with decreasing temperature.
Pin holes were not seen from AFM image.

— 1.972 nm
RMS: 0.232 nm
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First, surface of AlO, thin films are evaluated by AFM. In these figures the image size
Is 2 um square. As you can see, comparatively smooth thin film was obtained at every
temperature. The roughness was smoothing with decreasing temperature. Pin holes were

not seen from AFM image.
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EE’D & # of A]OX with Air
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The AIO, thin films grown at
temperatures above 400°C exhibited
the Egp of about 6 MV/cm and

the ko of about 6.

However the Egs and the k., of AIO,
thin films fell dramatically at
temperatures below 375°C

The composition ratio of Al and O in AlIO, thin films grown at every temperature
was found to be 2:3 from XPS measurement.
Additionally, these values are lower than reported values.
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The result of breakdown field and dielectric constant of AlO, thin films are shown in these

figures. The AlO, thin films grown at temperatures above 400°C exhibited the breakdown field of
about 6 MV/cm and the static dielectric constant of about 6. However the breakdown field and the
dynamic dielectric constant of the AlO, thin films fall dramatically at temperatures below 375°C.

Such a result was seen, although the composition ratio is almost stoichiometry from XPS

measurement.

OO, EEENRE L BERETMO LR T, 400°CLLET6 MV/IemE iR
2 HMWIEERABE, 6FEOHIFERNRLONE LTz,
& BIUFEESRIT, 375°CLL T CAMMIZID LTV ET, AIOJEIEDAl L ODFHAL LI

FORETH23TLEN, 20X iERE2HE 0N E LT,

LSR8 6, AR R SR AL



FI-IR of AlO,, with Air
In the FT-IR measurements, samples were kept in the vacuum state to avoid influences
of moisture and carbon dioxide.
[T T T v T T T _
C o The typical spectra of AlIO, thin films are
[ 400°C (206 nm) v AlOg | seen’in this figure. A broad band (FWHM
E(x12.0) v AIO 1 =400cm) are assigned to the
.t & 1 stretching mode of octahedral (AIOy)
= and tefrahedral (AlIQ,).
B ]
‘—E L 350°C (189 nm) Comparing the AIO, thin films grown at
5 [ (x16.0) temperatures above 400°C and below
& [ Vs (ADO-H 350°C, differences in the broad peak at
@I v (ADO-H 1 around 3300 cm! assigned to stretching
S r 1 vibrations of OH bonding and/or H,O
£ [ 300°C (181 nm) {1 included in the thin film can be seen.
Z [ (x189)
< vs (ADO-H ] m
e e S N Min. Temp. (°C)  >400
4000 3000 2000 1000
Wavenumber (¢m?) Egp (MV/cm) 6.0
The OH bonding included in the AlO, thin film can be K (=) 6
suggested as one factor for the degradation of Egp. RMS (nm) @350°C 1.2
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Therefore, binding properties in the films were evaluated from FT-IR spectra. In the FT-IR
measurements, samples were kept in the vacuum state to avoid influences of moisture and carbon
dioxide. The typical spectra of AlO, thin films are seen in this figure. A broad band are assigned
to the stretching mode of octahedral (AlOg) and tetrahedral (AlO,). Comparing the AIO, thin
films grown at temperatures above 400°C and below 350°C, differences in the broad peak at
around 3300 cmt assigned to stretching vibrations of OH bonding and/or H,O included in the thin
film can be seen. The OH bonding included in the AlO, thin film can be suggested as one factor
for the degradation of Egp.
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System & Conditions 2

0O; == 0,+0:
H,0 + O- == 2.0H

CH,;OH + O- == -CH,0OH + -OH

Solution mist gas
/ mixing part

Reaction space

carrier

The reaction area is
very high active state.

The atmosphere of reactor in the
FCMCVD system is ruled by the
evaporated gases such as H,O and
CH3;OH because they are solvents in
the actual experiment.

O- generated from O5 in the reactor.
‘OH are generated based on O-.

The reaction areais very high active
state because the reactor is
occupied by activated oxygen

QLT g ~ 1 mm height
— =i R \ Exhaust gas
0255, . T 1
X must — e
-':_\ OOOOOOOOOOOO'—l
~
= "solution substrate heater

Fine Channel structure

gas

ultrasonic generator

O4
Solute : Allacac),
Solvent (Mixing ratio) Distilled water, Methanol (10 : 90)
Concenfration (mal/L) : 0.020
Thickness (nm) : =50, 200
Temperature (°C) : 300-450
Substrate : p-Si, p*-Si
System : 30 mm ver. FC system
Carrier gas (flow rate) Air, 2.5 L/min
Dilution gas (flow rate) Air, 3.0 L/min

Assistance gas (flow rate)
Ultrasonic transducer

O3, >5000 ppmin Air 1.5 L/min

sources such as O3, O-, and -CH. 2.4 MHz, 24 V-0.6 A, 3
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Then, in order to improve the film quality, O; has been employed to assist reaction. The
atmosphere of reactor in the FCMCVD system is changed and ruled by the evaporated gases such
as H,O and CH;OH because the solvents are water (H,0) and/or methanol (CH;OH) in the actual
experiment. Oxygen radicals (O-) generated from O; in the reactor. Then, hydroxyl radicals (-OH)
are generated based on O-. So, the reaction are is very high active state because the reactor is
occupied by activated oxygen sources such as O3, O-, and -OH.

The Og line was connected to near side of the reactor. O; was assisted at a concentration of
about 5000 ppm in 1.5 L/min air with an O5 generator.
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Surface image of AlO, with O,

(AFM)

2.0 pm .-
A
45026
=
= No image
N

6.320 nm e 3 430 ) e— ] 575
RMS: 0.263 nm

Y
) FEE
RMS: *** nm RMS: 0.840 nm RMS: 0.341 nm

As with AlO, thin films grown under Air

Compardatively smooth thin film was obtained at every temp.
The roughness was smoothing with decreasing temperature.
Pin holes were not seen from AFM image.

— 1.972 nm
RMS: 0.232 nm
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This is the AFM image of AlO, thin films grown with O, assistance. As with AlO, thin films
grown under Air, comparatively smooth thin film was obtained at every temperature, the
roughness was smoothing with decreasing temperature, and pin hole was not seen from AFM

image.
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Ern & # of AlO, with O4
P 'I"'Ur]__l""Tr'T'l' L e i MLt LRk a7
Egt 0O 4 gt K 1 | The AIO, thin films grown with Oy
= T O assistance exhibited
o T [ otho 1
= o % the Egp of about 8 MV/cm and
s6 1 TE6r 1 | the kyof about 7
L_’j. g at temperatures above 340°C.
T4r 124f 1
= 2 f'l [ J
2 oy g | - | | Also, the dramatical degradation of
T 2r 1= 2 Ke Egp and k..can be seen in the AIO,
g 0O = 1 | thin films grown at temperatures
@b g Logeoton o pelow 330°C,
300 350 400 450 300 350 400 450
Temperature (°C) Temperature (°C)
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: A —The AIO, thin films
grown W|th O, a55|stance exhibited the breakdown fleld of about 8 MV/cm and the static
dielectric constant of about 7 at temperatures above 340°C. Also, the dramatic decrease of
breakdown field and dynamic dielectric constant can be seen in the AIOx thin films grown at
temperatures below 330°C.
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FI-IR of AlO, with O,
[T T T ! T g T =
F 400°C (187 nm) v AlO, ]
[ (x11.2) ]
r A% A104 ]
=) ]
2 3
S [ 3500 (216 1 | A broad peak based on OH bonding is
E I ?30187()21 nm) not obtained in AIO, thin films grown
eI ’ above 350°C with O5 assistance.
8
g [ ]
£ [ 300°C (190 nm)
Z I (x212) ,
Z Vas (ADO-H
= ¥ (ADO-H : | 0
B [ . . e Min. Temp. (°C) >340
4000 3000 2000 1000
Wavenumber (¢m?) Egp (MV/cm) 8.0
K (<) 7
RMS (nm) @350°C 0.3
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FF1Rspeetra-are-shown-in-this-figure- And a broad peak based on OH bonding is not obtained

in AlO, thin films grown above 350°C with O, assistance in FT-IR measurement.
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Summary 1

o T A ' AT e R I :;;L\ir 350°C 05 350°t
Bsl @o% | sl o, | S —
> 1= 0H O O
= g
St B %oqgs Mo %% 6 0
= Ar 1§ | O Air
o =
T4+ 484t E
T | @ g2 | O Mg g o » ; - :
E o *8' -.Q L 5921 nm e— 3439 nm
g 2 o o 1z271 ® A A RMS: 1.257 nm RMS: 0.341 nm
Min P |
300 350 400 450 300 350 400 450 Min. Temp. (°C >400 >340
o)
Temperature (°C) Temperature (°C)
Egp (MV/cm) 6.0 8.0
Ko (‘) 6 7i

Each property of AIO, thin films is improved
with Oz assistance.

RMS (hm) @350°C 1.2 0.3

O; contributes to lower the growth temperature of
higher quality AIO, thin films from 400°C to 340°C.
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This is summary. Each property of AlO, thin films is improved with O; assistance. The
breakdown field (Egp) increases from 6 to 8, the static dielectric constant (k) increases from 6 to 7,
and RMS decreases from 1.2 to 0.3 nm. Moreover, O; contributes to lower the growth
temperature of higher quality AlO, thin films, from 400 to 340°C.
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Summary 2

Air O':,
[T 4 T i T y T T ] [T ' T T T ]
F 400°C (206 nm) valo[ "\ 1 [ 400°C (187 nm) v AlO,
[ (x12.0) 1 [ (x11.2)
b v AlO, 1t v AlO,
=) ]
Sl 10 1
T [ 350°C (189 nm) 1 | 350°C (216 nm) ]
= [ (x16.0) 1 [ (x10.7) ]
& Vs (ADO-H 10 1
o v (ADO-H ] ]
£ | 300°C (181 nm) 1 [ 300°C (190 nm) ]
2t ) [ (x21.2 ]
2 F G189 anon P (X212 ano-n ]
v, (AD)O-H : v, (Al)O-H ]
O F 1 ; L . I 1 0O I i 1 | 1 7
4000 30 2000 1000 4000 300 000 1000
%avenumlber (em™) \Apavenumger (cm)

The OH bonding included in the AlO, thin film can be suggested as one factor for
the degradation of Egp and k... It is thought that O3 can clean up the residual of OH
bonding and dangling bond in AlO, thin film, because of high reaction ability of Os.
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On the other hand, the OH bonding included in the AIO, thin film can be suggested as one
factor for the degradation of the breakdown field and the dynamic dielectric constant. It is thought
that O5 can clean up the residual of OH bonding and dangling bond in AlO, thin film, because of

high reaction ability of Oj.
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Conclusions

1. AIO, thin film can be grown by mist CVD.

2. The AlO, thin films grown under Air condition exhibited Egj, of about é
MV/cm , k, of about 6, RMS of 1.2 nm at temperatures above 400°C.

3. The AIO, thin films grown under O condition exhibited Eg, of about 8
MV/cm , ko of about 7, RMS of 0.3 nm at temperatures above 340°C.

4. Itis suggested that the residual OH bonding and dangling bond in AIO,
thin film caused the degradation of Ezy and k., at low temperatures.

5. Q4 contributes to lower the growth temperature of higher quality AIO,
thin films from 400°C to 340°C because of the high reaction ability of Oa.
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Finally, conclusions. AlO, thin film can be grown by mist CVD. The AlO, thin films
grown under Air condition exhibited E,p of about 6 MV/cm , x of about 6, RMS of 1.2
nm at temperatures above 400°C. The AlO, thin films grown under O, condition
exhibited Egp of about 8 MV/cm |, « of about 7, RMS of 0.3 nm at temperatures above
400°C. It is suggested that the residual OH bonding and dangling bond in AlO, thin film
caused the degradation of the Eg and « at low temperatures. O, contributes to lower the
growth temperature of higher quality AlO, thin films from 400°C to 340°C because of the
high reaction ability of Oj.

KEBEIZE DT,

AEF 1L, I A MCVDIETT VS A ERIL £ LT,

725 T CHERL U 7= AIOXTERR 1%, AR R TR L6 MV/iecm, FRIUFEER6, 7 7 % A1 nmii
EThHoT,

A S UCERL L 72 AIOXTE IR L, Ak B EE S 988 MV/em, §RIUREEERT, 7 7 %
20.2 NMEEE TH o 7,

IR T O E SR O a5 B R 7e & O RFMEIEAL O JRIK I X 7E R~ D OH AL D
RARCKEEFOERANEZ NS,
FATFEOIEESI OE S D2, EERAIOGEIRE > < DR A, 400°CH 5
340°CE TR FESEAHZ LN T,

16



