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Abstract

In the past couple of decade, silicon on insulator (SOI) structures have
been investigated for  various device applications, such as
three—-dimensional integrated circuits, power devices, higher immunity to
radiation, novel thin film transistor (TFT) devices and micro machining
technologies. Because silicon on insulator (SOI) has solved for the
problems of bulk silicon devices associated with junction area, leakage,
isolation, and capacitance, SOI has become an attractive technology for
future generations of mainstream Ultra Large Scaled Integrated (ULSI)
device products.

However, with increasing power dissipation it 1S becoming more and
more problem to transfer the heat from the active region of the circuits
to the heat sink. For SOI, the situation is even worse than in bulk
technology due to the poor thermal conductivity of the buried insulator.
These self heating effect degrades the SOI MOSFETSs for ULSI devices In
terms of threshold voltage, sub-threshold swing, mobility, etc. Nowadays,
many research have been achieved with replacement of the buried oxide
(BOX) with AlyOs films which were grown atomic layer deposition (ALD)
method. Because, the thermal conductivity of Al;Os is several tens of
times higher than that of silicon dioxide, and as well as it's high
breakdown field voltage, and low leakage current characteristics.

ALD Al:O3 has been considered as a possible candidate for gate oxides
as well as Tax0s, HfOz, and ZrO,. In addition, Al;O3 has been recently
regarded as a good passivation layer, which can prevent hydrogen
penetration into the active region of semiconductor devices.

In preparing high dielectric metal oxides with a thickness in the



sub-—hundred angstrom range, atomic layer deposition attracts considerable
interest owing to its inherent merits in thin film depositions, because of
its digital controllability of film thickness which derives from self limiting
layer by layer deposition, owing to the surface limited reaction between
reactant gases. Moreover, ALD recently became a serious alternative to
the conventional chemical vapor deposition because of its excellent film
step coverage on sub-micrometer features, which i1s one of the most
important requirements for fabricating micro—electronic devices.

In this work, we suggest a SOI buried with Al;O3 which was deposited
by plasma assisted atomic layer deposition (PAALD). Al;Os; films which
were grown with trimetylaluminum (TMA) and H:O by using thermal ALD
(TALD) method had poor physical characteristics in comparison with that
of TMA and O, plasma assisted ALD method in high temperature
annealing. In the case of PAALD, we supposed that oxygen radicals
generated by plasma act as an active oxidant with TMA. Then,
concentration rate of OH group and other unstable state elements inside
of AlxO3 film is so small, and as a results, it decreases the thermal stress
of the films efficiently. We could prove there are some different
formation characteristics of AlxOs films from between TALD and PAALD
method by wusing HRXRD, spectroscopic ellipsometry, residual gas
analysis, thermal stress analysis, C-V measurement and, XPS.

After Al,O3 films were grown onto 4 inch Si(100) wafer, through
standard RCA cleaning, high temperature silicon direct bonding and CMP
process, we fabricated the Al;Os buried SOI wafer. Scanning acoustic
microscopy (SAM), infra-red transmission (IR), HRTEM results indicated
the PAALD Al:O3 buried SOI structure was fabricated completely, by
conventional silicon direct bonding (SDB) without micro defects in the
interface. Also, we could measure the reasonable electric characteristics

from the Pseudo-MOSFET devices which is widely accepted as a

_Xi_



characterization method for the SOI wafer. It confirms that PAALD AlxO3
films have sufficient quality to be used as the buried oxide of SOI wafer.
It is believed that our work is successful in improving the Al,O3 buried
SOl characteristics in the view point of control of micro defects

generation in the interface, during fabrication of the SDB SOI process.
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Table 1. Comparison of deposition process technology of ALD and CVD.

Iltems ALD CVD
Deposition method| Atomic layer deposition |Chemical vapor deposition
Thickness range < 200 A <200 A
Source delivery Separated pulse Continuos mixture
Uniformity control A 10 A
Base vacuum Medium(1x107° Torr) Medium(1x107* Torr)
Deposition temp. Low High
Thickness control Excellent Fair
Step coverage Excellent Good
Film quality Excellent Good
A No particles due to Particles due to gas
Cleanliness : .
surface phase reactions phase reactions
< 1 % dependency on Strong dependency on
Process window 10% process parameter process parameter
changes changes
Nearly transparent from | Major parameter changes
Scalability 200-300nm regarding needed for same process
process results results from 200-300 nm
Throughput Very poor Fair
Extendibility No limit 90~65 nm technology
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Table 2. Materials for atomic layer deposition.

Items Application Reason
Gate spacer Low thermal budget
SiOqg Bit line spacer Low thermal budget
Silicon Blocking Layer Low thermal budget
No pattern loading/Thickness
Gate spacer control
SIN Bit line spacer No pattern loading/Thickness
1
Hard mask control
STI liner Thickness control
Thickness control
ALO Cap. dielectric Low leakage/Step coverage
2 Gate dielectric Thermal stable/Low leakage
HEO Cap. dielectric Low leakage/Step coverage
? Gate dielectric Thermal stable/Low leakage
TiN Cap. top electrode Low temp./Low impurity/Step
1
Diffusion barrier metal coverage
Ta20s5 Cap. dielectric High—-k/thickness control
TaN Diffusion Barrier Metal Diffusion barrier of Cu




2. ALD ol 93t FAHH AlO3 Wee 54

o] T Abghdbar Fo A trimethylaluminum (TMA, AI(CH3)3) 2 H.0&
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AhstEmA dTbe] ooyt YIE EeEe] gk 2 &4 A3

543 b2 SEdY FadE 7l 2otk B ALOs
e 1714 dAdt fd 5402 MOS 2o AClE AAF vt DRAM
o

.
2 o8 5 Utk [16-17]. A7 ALO; wutg Fgshe 3
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o
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rot
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R
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1)
© 2 reactive sputtering [18]3 reactive evaporation [19]% & PVD
7} thermal decomposition 183l laser induced CVD¥ #& CVD HMH
o AbgHl oY [20-21] 12 A o tid3 A flol¥ol ALO; ¥e<&
FAs717 wiF oHl FHOE QA HIIH.

Ho Ao AAI7F 90 nm o]stE mAstEel wel MOSFET AAbelA =
gl AAY FaFo] A T oty L2 GGl 7HA A HIAH. 5
g AlolE Attt o3t dHA FAoE EH M4 Aste dY FHdx

EE

ol
)

1~n

°o]5 (trans conductance gain)e] A3t Fo= WxlEd &3 (short channel
effect)7} HAFCE @A /WEHIL 9= 50 nm 5 MOSFET &7l A gate AF
skl frm F709 Eo7b ~15A olgtR R Eojof dAd adE AAF &
At} 71£9 Si0y #MHS 50 nm o MOSFET 4#}2] gate Ak3jero 2 * 835t
BFole dAd adtel o AT S/ Aol ol gith mhepA o
oF Z2 Ao A dAld adE Aofstr] fslA = Si0, Bk oy X M= 3y
| A3 2HFAEEL] ALO; E& HIO; #Htee] diAlEde] a5+ e 4
Aolth. Al,Oz BFEHE o |qA] W= 4 9 FHEA Qo ddxwrt I A&
2Fsbal (thermal SiOp)9] EHAEE 1.25 kw/m BTl oF 20 v Ax & 27.21
kw/me] k& 7Ftk (Table 3. =), ©] g2 Ael2e dHd&=%x 163.3 kw/m
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SOI &x#pe] a1y Fato| A AT &3k &£ Aste] ZA5 g7|4 o=
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Table 3. Comparison of Si, SiO; and Al;O3 material properties.

200 g indenter

Parameter Si SiO2 Al20O3
Cubic diamond, Trigonal (hex),
Structure amorphous
Fd3m R3c
Density 2.33 gm/cc 2.203 gm/cc 3.97 gm/cc
Melting point 1420 C 1600 C 2040 C
single crystal:
27.21 Wm 'K
Thermal 163.3 Wm 'K | 1.25 Wm 'K at 300 K,
conductivity at 273 K at 300 C ceramic:
15.47 Wm 'K
at 300 K
. | ¥ 5.6 (para) &
Thermal expansion ) 0.55x107" /K %
i 4.15x107" /K 5.0 (perp)x10
coefficient at 300K
/K
Resistivity >10° Qem >10'° Qcm
Knoop 500 with |Knoop 2000 with
Hardness Knoop 1150

2000 g indenter

Specific heat

703 JKgm 'K!

703 JKgm 'K

419 JKgm 'K™!

capacity
Dielectric constant| 13 at 10 GHz 3.91 at 1 kHz 9.4 at 1 MHz
o 3.4223 1.47012 1.74663
Refractive index ) ) )
at 5 microns at 0.4 microns | at 1.06 microns
Absorption 0.01 10x10° em™ | 0.3x107° cm™
coefficient at 3 microns at 1 microns at 2.4 eV
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Bulk Transistor
Vin

Vout
Vss Vob (+)

Well junction
(> 1um deep)

Bulk silicon
(n-type body)

(a)

SOI Transistor

Bulk silicon

(b)

Fig. 1. Schematic structure of bulk and SOI transistor, (a) bulk transistor,

(b) SOI transistor.
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Partially depleted Fully depleted Thin—body
Thin SOI Ultra thin SOI nano SOI

Lgete=130-70 nm Loate=100-50 nm L ,=70-20 nm
Tate=200-50 nm  T_.,.=50-10 nm T .,=10-5 nm
(a)
A
10000 [~
Thick-SOl

1000 |-+ ,
Thin-sol | Bipolar H'Qh‘ voltage
X__switching
X
Partiafty=—depletey
100 [— CMOS
_[F _Hully-depletey
Ultra thin! CMOS
(e
d

Nano

—_
o

\

Si of SOl Thickness (nm)

I I S
100 1000 10000

BOX Thickness (nm)

(b)
Fig. 2. (a) Sketch of CMOS transistors showing partially depleted, fully

depleted, and thin body SOI devices, (b) applications of SOI according to

thickness of buried oxide layer and SOI layer.
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Fig. 3. Growth model of Al;Os film deposited by ALD.
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(b)

(c)

(d)

Fig. 4. Basic sequence of ALD for compound AB, elemental reactants, A
and Bn.
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Fig. 5. A cluster model of exchange ALD reaction which forms the

compound XY using reactants AX and BY.
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e distance
v
(a)
Energy
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Pre-reaction state
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Fig. 6. Langmuir model of surface energies. Chemisorption of (a) atom A
on B(s) surface without a precursor state or an activation energy, and (b)
reactant molecule B, on an A(s) surface via a precursor state B,'(g) and

an activation energy E.'(By).
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Fig. 7. Variation of growth rate as a function of substrate temperature in

ALD reaction.
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Fig. 8. Schematic diagram of bonded and thinned silicon wafers for SOI

structure.
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Fig. 9. Schematic diagram of a linkage of three water molecules between

two hydrophilic mating surfaces to bridge the wafers at room temperature.
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Fig. 10. The proposed bonding model for hydrophilic Si wafer bonding at
different temperatures, (a) RT~110 C, (b) 110~150 €, (c) 150~800 T

and (d) > 800 T.
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Fig. 11. Photograph showing the MSCVD-8000 system.

Fig. 12. Schematic drawing of the top view of the MSCVD-8000 system.
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Fig. 13. The GUI screen of maintenance mode of the MSCVD-8000

system.
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Table 4. Hardware specification of the ALD process module of the

MSCVD-8000 system.

Items

Specification

Base pressure

~1 mTorr,

Process pressure

50 mTorr ~ 20 Torr@APC

Process temperature

< 700 T @Metal heater

Chamber wall
temperature

Hot wall type, < 150 T
(accuracy : < £ 1 % @Set value)

Source delivery line
temperature

< 150 C
(accuracy @ < + 1 % @Set value)

Source feeding time

TALD @ = 0.1 sec

(micro—controlled valve block)

PAALD : = 0.2 sec (using mini—gate valve)

Source delivery

micro control valve integrated block
& Bubbler

Carrier gas

Ar/NQ/OQ

In-situ Cleaning,
PAALD & pre-treatment

Astron(ASTEX/Litmas Co.Ltd.),
Using gas : NF3 & Ar @in-situ cl'n,
02, N2O, Hs, & NH3; @PAALD

& pre-Treatment

Reactor material

Ti against corrosive gases

Chamber material

Anodized-Al & Ti, available dry

& wet cleaning
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1. Initial silicon

2. ALLO, deposition

3. Initial cleaning &
Initial bonding

4. Annealing (1100 °C)

5. Thinning & CMP

I_I
|
- % | - o | -

Fig. 17. Manufacturing process of SOI used in silicon direct bonding.
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Fig. 18. Schematic diagram of the crack-opening method.

Fig. 19. Infra-red transmission image of measuring the crack length

inserting blade.
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Table. 5. Optimized deposition conditions of Al;Os film by using ALD.

Parameter TALD PAALD
Al precursor TMA
O precursor H»0 O2 plasma radical

TMA feeding time
& flow rate

0.2 sec/50 sccm

0.2 sec/50 sccm

TMA purging time
& flow rate(Ar)

0.2 sec/50 sccm

0.2 sec/50 sccm

H2O(Ar+ Oz plasma) feeding
time & flow rate

0.2 sec/50 sccm

1.2 sec/160 sccm

HoO(Ar+ Oz plasma) purging
time & flow rate(Ar)

0.5 sec/50 sccm

0.2 sec/50 sccm

TMA & H>O Bubbler temp. 20 C

Source line temp. 100 C

Wafer stand-by time 60 sec

Ending pumping time 30 sec
Base pressure 1107 torr

Process pressure

150~ 250 mtorr

200~500 mtorr

Substrate temperature

150~600 C

350~600 C

Cycle time

1.1~1.5 sec

1.6~2.1 sec
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Fig. 20. Growth rate and uniformity of Al;Os3 film by using TALD as a

function of substrate temperature.

2500 ' T v T 2.5
0  Thickness ~
® Growth Rate 2
— 2000 sub.temp: 300 °C 12.0 g;
= TMA/Ar/H,0/Ar= 2
" 50/50/50/50 o =1l
% 1500 0.2/0.2/0.2/0.55ccsr:c 11 <
: ™R 2
=< ¢ ® Y =
2 1000 {11.0 &
= e
500 - 105 £
=
@)

o - . . ... g9

0 500 1000 1500 2000 2500

Number of Cycles (times)

Fig. 21. Linearity of Al:Os film growth with the number of cycles by
using TALD.

_59_



50 T T "i- T T (I) 04
g —~
S
T @ - =
o ,. o~ IZI/ ~—
2 30+ ue ,O/ e ;
= | P I @
& © mgl 5
% 20+ O’O o —0— RPG venting E
- /I:\jj —O— RPG feeding 0.2
R O —u— Reator venting : s
U 10 /O —o— Reator feeding =
a L TMA/Ar/Ar+0 /Ar= | | 2
i 50/50/@+0/50 scem
g L g
e AN RV Wil 7 0.1
0 150 300 450 600

Ar Flow Rate (sccm)

Fig. 22. Pressure conditions in RPG and reactor as a function of Ar flow

rate.

N
i

[ O —0O— Plasma density
5k —e— Electron temp. | |
s TMA/Ar/Ar+O /Ar=
4l \ 50/50/@-+0/50scem | |

B D\

.@3—0 S—

[N

w
Electron Temperature (eV)

[y
T
1
N

0 " 1 " 1 " 1 " 1
50 100 150 200
Ar Flow Rate (sccm)

Plasma Density ( X lﬂllcm'3)
w

)

Fig. 23. Plasma density and electron temperature in RPG measured from

Langmuir probe as a function of Ar flow rate.

_60_



o Ar FEel 200 scem FHHE O GHY RPG WF-Y Edk=nt dEs
2.7<10" em™ 24 nEE Zkzul AHE el AR w7 Ar §2F

2% RPG W9 ol #AEE Aotk RPG W +8 o] 15 Torr o] uj

S A7 Y= =2 RPG power7} &7F T wEbA Ar+ 0, 37|41
ghzutz A A7|A SEE Are] o] T HAEC] it VAEY FESY
B A4 S FEo] AP HEY. Fig. 24 Fig. 229 Z3yo] <A3H
Fo FdE = Ar+0: frERiste] W& RPGoF ¥HEE°] gE¥sts =

ojt}. o] ZelA Ar+O; F#o]l S71gtel wel RPGE whe =29 ¢Hd S7t
sk 2Ela Argk 0.9 F3o] 2k 100 scem¥ W RPG Wb oF 12
Torre]®, ¥W-S7] ¢tEe 325 mTorrz A HYTH olgs deE A0 =4
d Eekzvke] UEel Az oidt Adib= Fig. 2569 &k Ar #%2°] 80
sccm 91 24 029 FFo] 784S Zeh=rt B AR s HAs

Ao g veRgth 0.9 f-%o] 50 scemol A 80 scem ¢ FZAdA AR}

3

=
=

sl

=% o 5.0 eV olal, EFzu UEE 3.8x10° emU2A A9 dAFAYG =
gk 029 ol 100 sccm® W7bA] - =S Eef=nl AE7E A H/AT. L
HY Ar F9°] 80 sccm= 7] 2 0y o] 120 sccm o]golH Zgt=w
7} Bt st s o] Erbs sttt # A@ARCA Eetzvtes FYAEY] A

timeo] o} 7] wj&o] PAALD "ol 2|3 AlL,O; vHubZ
Ao g oAEdrt 28y Ar:0,=80:50~100 sccm@ F&ZAAA Ar+ 0.
Zelzuke] UErk 10" em o] FAE 7 Addar, we Rl ¢ 300
mTorrs FAE 4 A7) wZel Fde] AlLOs H# T3] 7hs Tt

Fig. 262> Fig. 259 ZAi}o] 93t Zepzul Az AgA PAALD WHo=

SHE ALO; Htde] gl ik o] Wl wE FHE 2 FA dd=E d
Bl Zlolth, 7@ % 350 T wwtel = F2fo] dojubA] ggaton, 7|i2 %

_61_



22 —————1—0.40

21 TMA/Ar/Ar+0 /Ar= —_
~ L P
= 200 o RPG 50/50/100+@/50sccm. '
S 190 « RPG 50/50/80+@/50. o
= 18[ © RPG 50/50/50+@/50. {035 b
=" 17[ e Reactor 50/50/100+@/50. o
L 16[ * Reactor 50/50/80+@/50. o © S
S 15[ ¢ Reactorsos0sH@s. | o @ ) =
» [ * @
A& 12[ * X * o
1f o ~ 3 b
O Lot * 3 =
A, 10C § ? 4025 ©
x 9% @ ? ? S
8L § 7
7L R 1 R 1 R 1 1

O, Flow Rate (sccm)

Fig. 24. Pressure conditions in RPG and reactor as a function of Ar+O;

flow rate.

=)
N

0
o
[
|
wn

I
T
o
O
/DV.
[
|
I

L
1
w

[\8]
T T

| | —o— Plsma density
—eo— Electron temp. 4
TMA/Ar/Ar+0,/Ar=

| 50/50/80+@/50 sccm

20 40 60 80 100 120
O. Flow Rate (sccm)

Plasma Density (X 1010cm'3)
N
Electron Temperature (eV)

[y
T

(=]
]
[y

Fig. 25. Plasma density and electron temperature in RPG measured from

Langmuir probe as a function of Ar+0O; flow rate.

_62_



W——————— T 1.0

18 | _f_ Iénifont‘lrlnityt. @
— 00— GIrow rate

& 16} 1000cycle 0.9 S
é O TMA/A/Ar+O JAr= |1 @)
Z 141 50/50/80+80/50 scem [1 0.8 ;
=l o 0.2/0.2/1.1//0.2 sec )
E 1ol R &
fg 8 i O T a7
= I 10.6 =
o 6f \ o {
4+ @ D\D/D/ 10.5 8
2+ . : @)

1 " 1 " " 1 " " 1 " 0.4
350 400 450 500 550 600 650
Substrate Temperature ("C)

Fig. 26. Growth rate and uniformity of Al:Os film deposited by using

PAALD as a function of substrate temperature.

] ] ] I 1-0
1400 | O -
i s

1200 40.8
~ 12T < >
° T 1000} 7 ' o =
-’ o =
- I 40.6
& 800 2
> i U —0— Thickness <
% 600 - ® Growth Rate 0.4 Qﬂ
= i Sub.Temp.=550 °C | - =
= 400 O TMA/AL/Ar+0,/Ar= S
[ 50/50/80+80/50 scem | | 0.2 <
200 0.2/0.2/1.1/0.2 sec (’5

ul " 1 " 1 " 1 " 1 0.0

0 500 1000 1500 2000

Numbers of Cycle (times)

Fig. 27. Linearity of Al;Os film growth with the number of cycles by
using PAALD.

_63_



7} 400 TollA 550 T AtolollA= A #d3 S2ES Blon, 450 TolA
F2ELS 0.72 AlcyclezA Hazks et

8 o1 ¢lolHo] =" AlLO; Hrete] AL 7|Hew7} 500CoN =23
Azl A 7HE £2 3.8 % #hoE YERRtTh TALDO ZA¥el Hlustd #d%
7b eRE wkokont, 500 T ool e GelA FAEo] TALD el s
2 Apol7h Qlar, wE FHFo Wyl 2o Aow Hol 38HzE FH W A3

HES-of viZRAIRL O, Eet=vt AT wbeAd ol a2l M wlnA dAHSHA

Fig. 27 7|1#2%E 550 CT=Z fFA8HA TMA/Ar/Ar+ Os/Are] FZ3&
50/50/80+ 80/50 scem, ZF AFA¢] wHe= F9 AZHE 0.2/0.2/1.2/0.2 sec®E
sto] PAALD W o = 23 AlO; vhate] FA 9 S35 2k F71e mef

ftlo
o|\

=3 7 Ajcycleo® A3 S
zt= Zo® Yegow, A0 We] FA= FRAF7I7F 7SS Sk
2000 cycleol| A= ®F Atk o] d¥+= PAALDY
o] B4 AW mExs AEds dEdith webs B Addo PAALDH R
oste] FAE ALO; WY o HAHskE xS Y]H2E7F 500~600 T,
TMA/Ar/Ar+ Oo/Ar9] %2 50/50/80+80~100/50 sccm 18]al A3 F+Y
AlIZFE 0.2/0.2/1~1.5/0.2 sec¥= &2l & 4= Qi)

=)
1
A
&
N
3
O
12
—
i
o
S
s
>4
_‘ﬂ

_1

3) Feeding 79| W& AlL,O; BHte] A3 EA

Zkolt}. Fig. 28(a)ollA HE AXE TALD W o= dAH ALO; #ae H,0

o] &L 50 scem, FYALE 0.2 secE LAY L o] TMALS FU Al 7to]

_64_



=
=)

_~
=
9 08} e o n | ] i
2 .
&
S~
o !
~—’ 0.6 B T
3 Sub. Temp : 500 °C
< 0.4 TMA/Ar/H,0/Ar=
&g 0.4r @/50/50/50 scem ]
| @/0.2/0.2/0.5 sec
~
3 02l H,0 : 50 sccm i
e o TMA : 50 sccm
65' e TMA : 100 sccm
0 0 " 1 " 1 " 1 " 1 "
0.0 0.2 0.4 0.6 0.8 1.0
Feeding Time (sec.)
(a)
0.9 i 1 M ] " 1 Y 1 M 1 ! 1 M 1 M 1 L 1 Y
-~ 0.8F aek & 2 i
= o708 v v |
o 0.7f \ A A4 -
>, v 1
& ().6 [{Sub.Temp. : 500 °’C -
. TMA/Ar/H,0/Ar= v
- 0.5 [50550/@s50sccm v -
PN 0.2/0.2/@/0.5sec !
g 0.4 TA;lsgszcgg';gflsec' Sub.Temp. : 500°C ]
2 TMA/Ar/Ar+0 /Ar=
m 0.3 © H0:70sccm ? .
50/50/80+@/50sccm
5 02k 0.2/0.2/@/0.5sec ]
3 . TMA : 50 scem, 0.2 sec.
S i Ar : 0,=80:80 sccm 1
- 0.1} v Ar:0,=80:100 sccm
U 1 L 1 o 1

0.0 " 1 " 1 " " 1 " 1 " 2 2
0.0 02 04 06 08 1.0 1.2 14 1.6 1.8 2.0
Feeding Time (sec.)

(b)

Fig. 28. Growth rate as a function of precursor feeding conditions for the
precursors, (a) TMA and (b) H,O & O; plasma.

_65_



0.2 sec o]dolM FAFS WMAZIHeE FaE] & W7t sl o 4
= TMA FYAIZEe] 0.2 sec o] o] ¥ 7] WA TMAZE 713 339

QASE 88ty F&o o FoAR ZoA HUAR EsAF-S YERdATL
ek o] de] TMAS] F=94(>0.2 sec, >50 scem) Al,O3S ALD Wil
e Al glo] Bhad wgr)e] Amo|tt Fig. 28(b)x Fig. 28(a)<]
AT w53 FIA] HA-sE 270 Ar ¢ O, = 80 : 80 sccm} 80 :
100 scem® stel PAALD Woll oste] S-2He AlLO; ¥9at H,0E 50
I 70 sceme 2 FYste] TALDWHA ot S&% AlO; ¥hdte] &S +
JAIZE wet YERd Aol PAALD o= F9 AlZte] ¢F 1 sec o4
M= 0.7 A/cycle?} 0.5 Alcycle®2 dAI SHAES HoF3 ). TALD
HHHo = 2F49] A-AQl Ho09 feeding A17Fe] 0.2 secolAd ¢F 0.8 A
[eycleZ dAZ THES HAFH. S FUAIREO] 0.2 sec ©laL, FYFo] 50
T A= 71H fJolA TMASF dbgS 9t S 49
H:0 S717F ewsel &0l EdH 05+ yetdnh. 22y PAALDWH S 4
QoA Aba ARl F9) Algke] TALD Bt 11 Ao @ ety 13l A
He AAY PAALDWHAAN FYAIRE] 0.7 sec oldtoll A= ALO; HHpo] &
ZH]7F 80:80 scemelal, 0.9 sec ol THIA
S "ol= 0.43 Alcycled] TFES HRIth 18la Ar+ 0.9 54]7F 80:100
scem 9 Aol E= 1.0 sec ol FU= S W, 0.7A/cycle BE9 FF
e wste] BH oF 87% Fre] FAES UE
W, Eet=nt A B Sl wel FRE] HEA Uedes AS o
o}

H

o] Aol 7} vz RPG 14 0.9 #3o] 4
ehzobo] ofa) djel Anel BTl Mo TMAR ¥ae Ewn $8E 1
of ojubA] 97] Wiolth, whebd wgel Jlelsh: ks BHFS] Fol ALO
o Zagel Yoz P v]AL vk ole] ARRE PAALD %

1
Holl o3k ALOs B Aol Ata AdFe] wg7]= FYo] Hof whgdl 7]

o
K-
ul
o>
=

+
@
3

olo



ofst= dlol Fagk HA FYAIE 0.7 secolH, E3}E7|74AS] A ¥hE

o

o % 9
Fig. 209 AstolA e A3 ol TALD A@e|AE F2em7k 150 ©
oSl FHE 2 Fow gashs el wth ole TMAS 27)

FAe 9% B4 QU REey) B, oked M09 ¢ = A4dd
o

Al;O3 BFeF 9] OH-group®] AEF (site)® "¢ A2 ZAo=m oiddtt
OH-group< H:0& AFE3h= TALD WiolA mwnksge] Fa3dk vy 4=
A w55 A kg2 W2 98 $ OH-groupyt 53td=2 W34
(4. Dl 93te] ®Hol] F&so] Atk 1 v WEHALS H0 F7]9 FY=
SAlAl 2 (4.2)9] REgo] o] FojA=H|, o] #AE<F OH-groupel 7] FEH
Aol EAsHE Aol ot 18 F AdXE A= AFsie 2 (4.3) A® 77
5H3E® H.0Z AAEI purging Aol olste] #A|A =Ho] o, o A&

dehydroxylationo] 2kt &k, 7| ¥ %7t 45 E4% dehydroxylation F7Hek

o} [16, 34, 73-74]. & YAS EHe OH-groupd F& TF4sH

o
ot
il
e

|

+o. OH-group®| 7} 743l wel ALD Hhete] A5 dAts 1H A
AE (-0-)ML,-x BAEALC)S] F2HH a9} OH-group?] Wiol <jste] 2

AEA Aok wEbe T2t dedel AlOsel AEELS Rtk Hdadts

X—OH+ ML (g)—(—O—)ML ,_,+xHL(g) (4.1)
(—O0—-)ML , .+ (n—x)/2H ,0(g)—

(=0—) M(—=OH) , .+ (n—x)HL(g) (4.2)
2 — OH— — O+ H ,0(g): dehyroxylation (4.3)

(—:Surface, M: Metal, L: Ligand)

HoAgo %= Fig. 209 A¥e} o] TALDS X 7roAE= vluzd AA3
AAES HolA "k o] F7HE "oy 400 T oo 7|HeEoixE ZFFo

T v(_)‘
A oA ZdIs 600 TollM oF 0.71 Alcycled] T3E< BT 9

O

X

O

_67_



=TG-t A= dehydroxylation @37} F=82 ok ofygl TMAY < &3
o 2] metal oriented surface state #22] @I 95l FT2Eo] FAas)t

= AFge] = Aoz yekth PAALDS A$olAE TALD Huh E-& 400
~550 T FZrellA 2=3ke] AdE 540 Ui, 1 o] &7k
Mo FHES AR ZAA wstste] 7%= 600 CellA 0.67 Al/cycle
o] 3t& 7HXIth o] AL ALoME AbA EAF] R0l ete] v W
ol A Al bond ¢+o] 24 A F F7IEFHS ASRkgo] ditstA o] FoF
Yepdt) wpebA] )2 mo] e TMAS] 3ol 23 metal oriented surface
state A4E 7]&7]d 63t dehydroxylationdl <3t A& 7

ATl o3t AFE #4712 7|7F duksitis A

1>,
[o
o
4

_68_



2. Al,O3 ¥rete] B4

1) As-deposited Al,03 BHele] B4
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Fig. 29. Atomic concentration measured from AES depth profile of
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(a)

(b)

Fig. 32. SEM images of blister on Al:O3 films grown by TALD with a
thickness of 2000 A, annealed at 1100 T in Ng—ambient for 1 hour,

showing (a) top view and (b) cross sectional view.
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(a) (b)

Fig. 33. SEM images showing the tendency of blister formation according
to the deposition condition. (a) Al;Os, flms grown by TALD with various
thickness of 1000, 2000 and 3000 A at substrate temperature of 500 T,
annealed at 1100 C in Ng ambient for 1 hour, (b) AlOs, flms grown by
PAALD with a thickness of 2000 A at substrate temperature of 450, 500
and 550 T, annealed at 1100 C in Ny ambient for 1 hour.
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2000 A7)

(a)

(b)

Fig. 34. SEM images showing the tendency of blister formation according
to deposition condition. (a) Aly0s3, films grown by TALD with various
thickness of 100, 500, 1000 and 2000 A at substrate temperature of 400
C, annealed at 1100 C in Ny ambient for 1 hour, (b) Al;Os, films grown
by PAAILD with various thickness of 2000 and 3000 A at substrate

temperature of 600 C, annealed at 1100 C in Nz ambient for 1 hour.
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Fig. 36. Surface roughness of Al,O3 film with various thickness as a

function of annealing temperature.
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Fig. 37. XRD spectra of Al,Os3 films grown by PAALD with a thickness
of 1000 A at a substrate temperature of 500 T, annealed at various
temperature of 600, 800, 900, 1000 and 1100 T in N ambient for 1

hour.
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Fig. 38. HRXRR spectra of Al:O3 films grown by PAALD with a thickness
of 2000 A at a substrate temperature of 500 C with various annealing

temperature at 600, 900 and 1100 T in Ny ambient for 1 hour.
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1100 °C

Fig. 39. SEM images showing the surface morphology of Al:Os films
grown by PAALD with a thickness of 1000 A at a substrate temperature
of 500 C with various annealing temperature at 600, 900 and 1100 T in

No ambient for 1 hour.
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Fig. 40. Atomic concentration measured from AES depth profile of Al:O3
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Fig. 41. Density of AlOs films grown by PAALD as a function of

substrate temperature and annealing temperature.

_89_



I 1 200000 |} 1_AL2O3-CLASSICDSP-100.00% :

Substote § c-s1sAREF-100.00% * B
(a)
e //
| B 200000 [ 1_ALZ03-CLASSIC.DSFE - 100.00% e J
j]:?_1 10000 SI0Z_ISAPEF-70.00% * I cioREF- 10.00% i {
Substrate | CEI_ISAREF-100.00% * B
(b)
—
IE 2000.00 1_ALZOCLASSIC.OSRP - 10000%: i .
B 15000 [0 SI02_ISABEF - 100.00% il
..
Substrate | CoLISARER-100.00% x o
(©
E x x xF--j
| E 4000 || 1_AL203-CLASSICDSP-50.00% * | VOID.REF-20.00% ;
4 2 200000 | 1_AL203-CLASSICDSP-10000% =l
B 15000 [ SI02_ISA REF -100.00% = /j‘
Substrate | CEILISARER - 100.00% % ,_J
(d)

Fig. 42. Simulation modeling for the calculation to thickness, structure,
and composition of (a) Al:O3/Si, (b) Al:03/SiO-SiO2/Si, (c) Al:03/SiO2/Si
and (d) AlyO3-void/Al,03/Si0O2/Si by using spectroscopic ellipsometry.
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Fig. 43. The thickness shrinkage characteristics and interface oxide state
of Al,Os films with a thickness of 2150 A, grown by (a) TALD and (b)
PAALD annealed at various temperature up to 1100 C in N; ambient for
2 hour.

_92_



o] 1100 ColAde wute] FA = 1869 A Ath. |49 Fig. 432 A2 H-g
AlOs/Si(100) T2 dx ol 93 AWMPAPL AlbOs 2ot i) 27t A
ool Bhate] ok Z0S o 4 gtk 1e8]a TALDSF PAALD WA 3
d¥l AlOs Hre] AW Si0, T FAVE e A2 AR bE Ak FAkE
S JHAH, wE U] kAol AgEe] zpolrt dv] wiiEelth & A A,
PAALD "oz 49 AlLOs/Si(100) F+xollA dAe] § IAE AUFTY +
Holl o3 AWl oF 10 % AX gkl dukx oz AL,0,4/Si(100)
TZE Ny 297104 dAgsts A9ollAe AO; Bt HolA 4o 3
T gehg Rz st ghgo] Fuh AEEe] ALO; WHE FtEZA gGornz
[76]1 =2t Wiieo] Al-O Aol = e o] 4hAivt Fitbe] wel TALD
Al03/Si(100)9} PAALD AlOs/Si(100) AlEolA Si029] AFEC] tHEs A9
g = Jduh a2ga 0y Y7l A2 E st AlLO; EHOlA WEZ9
gh-go0] x| 7] wiEo] AW Si0, AL B97] shxel A ¢S
iz S Ao g wekdnh, @okshd, 600 CTolA 1100 T A2 A F3holA
TALD AlOs/Si AWl SiOy 7 57H&°] PAALD Al5Ht %2 2> TALD
AN A= bulk WFell Aol ok Bt et 2kAo] sheFo] PAALDS} H|aLs}ed
o] Fak&wrt w27) wjfolgta AZtE

-
A2 dhe UiFe] Eebgdk A9 dEiQl OH groupel™,

)
-0,
X,
[
b

Ao
4o,

Fig. 44+ Fig. 43(b) A& st @ HRTEM AR#lo|t}. As deposited
“JEfQl Fig. 44(a)9t 500,000 ¥ie] avj&= dwS YeEld  Fig. 44(b)olA =
Aol w9 F&shy, AWTo] FAHA FUeS HoFErh o] AIEE 1100
T2 Ny B$171e4 2413 Ex2]3 HRTEM ©@dAbzlel Fig. 44(c)¢t Fig.

44(d) (500K)o A= Aol SiO.7F oF 100 AR AAsFeS A&Ed 4= 9

o, oA ellipsometry AWMEA B4 A3} Ao AR5t 2ot}

5) AlO; ¥rete] A71H EA

ALO; Bheo] SOIS] W% Asttoz $8o] 7bsels] AME AgE 54

_93_



(a) (b)

(c) (d)

Fig. 44. Cross sectional HRTEM image of Al;O3 films grown by PAALD
with thickness of ~2100 A on Si substrate, showing (a) & (b)
as—deposited film with magnification of 80 K, (c) & (d) film annealed at
1100 T in Nz ambient for 2 hour with magnification of 500 K.
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Fig. 45. C-V Characteristics of Al,Os films grown by PAALD for (a) as
deposited film and (b) film annealed at 1100 C for 1 hour.
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Table 6. C-V Characteristics of Al;0O3 film grown by TALD and PAALD

as a function of annealing temperature.

sub. Cmax Cm.in Ti NA VFB Neff i

Di
1 12 11
temp. | ®F) | ©F) | (m) | * <107 X102 | x10%/

sample
Vem®| V) | (em? |(cm?eV)

as—depo| 89 16 | 105 | 8.40 | 1.7 | -0.25| -0.29 0.3

TALD 800 79 13 96 | 6.82 | 1.0 3.0 | -1.72 -

1100 84 14 86 u|l @25, Uk 2.1 | -1.25 -

as—depo| 83 13 | 113 | 846 | 1.1 0.8 | -0.70 0.3

PAALD| 800 87 14 | 105 | 8.2 1.2 2.6 Wl.o -

1100 77 12 | 106 | 7.32 | 0.86 | 4.0 | -1.86 0.3
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Fig. 46. Leakage current density of Al;Os film grown by PAAILD as a

function of annealing temperature.
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Fig. 47. Breakdown voltage of Al;O3 film grown by PAALD as a function
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Fig. 48. Thermal stress hysteresis of AlxOs film grown by TALD and
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Fig. 50. Growth model of Al:Os films grown by PAALD.
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Table 7. Wafer cleaning process and conditions.

Solution & .
Process step . Time temp. =] A
condition
particles,
SCI Cl i (D, INH,OH:H205:H20 rganics,
eanmg 4 209 Ho l-5min | 60~70% organics
Ultrasonic (1:1:4) metals,
hydrophilic
Rinse H-0 S5min R.T
heavy
] H2S04:H202 i . .
SPM Cleaning (1:1) 1-5min | 75~85T organics,
; hydrophilic
Rinse H-0O S5min R.T
HF, oxide,
] HF : H:O :
Ultrasonic, 1-5min R. T metal,
. (1:10) .
Megasonic organics
Rinse H-0O Smin R.T
Spin Dry 2000 rpm 1min Rekly
Initial Bonding R.T
Inspection IR Camera
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Acetone+SPM

APM+SPM

Acetone+SPM

APM+SPM

SPM

APM

0 50 100 150 200 250
Etched Thickness (,&)

Fig. 51. Etching rate of AlyO3 film grown by TALD and PAALD after RCA

cleaning for 10 minute.

RMS : 6.7 A

X 1.000 pw'div
Z 50. nmSdiv

8

Fig. 52. Surface roughness of AlOs film grown by PAALD with a
thickness of 1000 A after RCA cleaning.
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(b)

Fig. 53. IR image of the Si-Al;O3/Si pair after the initial bonding process
at room temperature, showing (a) good bonding state and (b) bad bonding

state with bubble and void.
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oate] MWl Si-OH-Al AdelA Si-0-Al Aoz WMEwHA Heeol
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Table 8. Bonding characteristics according to Al:Os film deposition and

annealing conditions.

Film Annealing | ramp up .
Sample . Sub Temp. Bonding
N Thickness ) Temp. rate Stat Remark
o. ate
(A) (C) (C/min)
1 1000 TA-400 1100 5 debonding| blister
2 1000 TA-500 1100 2 bonding
3 1000 TA-500 1100 5 bonding | blister
4 1000 TA-500 1100 7 debonding
5 1000 TA-600 1100 2 bonding
6 1000 PA-400 1100 5 bonding
7 1000 PA-500 1100 2 bonding
8 1000 PA-500 1100 5 bonding
9 1000 PA-500 1100 i debonding
10 1000 PA-600 1100 5 bonding
11 2000 TA-500 1100 2 bonding
12 2000 TA-600 1100 5 debonding| blister
13 2000 PA-500 1100 2 bonding
14 2000 PA-600 1100 5 bonding
15 3000 TA-600 1100 2 debonding
16 3000 PA-600 1100 2 bonding | blister
1000A, TALD: < 2TC/min, sub.temp.: 600C
optimize PAALD: < 5C/min, sub.temp.: 500C, segment control
bonding
" 2000A, TALD: < 2C/min, sub.temp.: 600C
conditions

PAALD: < 5C/min, sub.temp: 500C, segment control
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(a) (b)

(c) (d)

Fig. 54. IR image of the Si-Aly03/Si pair, showing (a) good initial bonding
state, (b) thermal bonding state of (a), (c) initial bonding state with a lot

of bubble and (d) thermal bonding state of (c).
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(a)

(b)

Fig. 55. IR image of the Si-Al;03/Si pair after thermal bonding process
with ramp up rate of (a) 5 C/min and (b) 10 C/min.
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(a)

(b)

Fig. 56. IR image of the Si-Al;03/Si pair with a AlyO3 film thickness of
(@) 2000 A and (b) 5000 A after thermal bonding process at ramp up
rate, >5 C/min.
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Fig. 57. Bonding energy of the Si-Al;O3/Si pair measured from blade

insertion test as a function of annealing temperature.
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(a)

(b)

Fig. 58. IR image of (a) the debonded Si-Aly,03/Si pair and (b) inner

surface of the each splitted pair.
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15.8kYV X5S8.8K

(@) (b)

15.8kV X1.88K 38.8:m

()
Fig. 59. SEM images of inner surface of the debonded Si-Al,03/Si pair,

showing (a) Si-side, in void & edge, (b) Si & Al;03/Si-side, in debonded

area and (c) Alz03/Si-side, in void.
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(b)

Fig. 60. Manufactured SOI wafer buried with Al,Os film after thinning and CMP.
(a) Photograph and (b) IR image.
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10.000 nm div

(b)

Fig. 61. Surface roughness of the top Si layer of SOl wafer buried with
Al,Os film. (a) SEM image and (b) AFM image.
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Fig. 62. Cross sectional SEM image of the Al;O3 buried SOI.

15.08kV

Fig. 63. Cross section SEM image of the Al,O3 buried SOI with defects.
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Fig. 64. SEM image of the surface of Aly03,/Si after etching top Si from
SOI wafer by using RIE.
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(a) (b)

(©) (d

Fig. 65. Scanning acoustic microscopy images of the AleOsz buried SOI
with (a) void and defect, (b) a lot of defect, (c) a few of defect and (d)

defect free.
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(b)

Fig. 66. 3—-dimensional scanning acoustic microscopy images of the Al.Os

buried SOI (a) with defect and void, (b) without defect.
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Fig. 67. Cross sectional HRTEM image of the Al,Osz buried SOI.
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Fig. 68. Concept drawing of the Pseudo—-MOSFET.
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Fig. 69. Characteristics of the Pseudo—-MOFET on the Al,O3 buried SOI,

(a) drain leakage current, (b) drain voltage-current characteristics.
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