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a) P4,Jmnm, Pnnm

Figure 2.1 Bulk structures of the SnO; polymorphs. (a) Rutile
(P4:/mnm) and CaCls—-type (Pnnm), (b) R-PbOs-type (Pbcn),
(c) pyrite—type (Pa3), (d) ZrO.,—-type (Pbca), (e) fluorite—type

(Fm3m), and (f) cotunnite-type (Pnam)"’



Orthorhombic
structure

+2 O2 atoms

Figure 2.2 Transformation SnO to orthorhombic SnO,!%
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straight chain

zig-zag
chain

twinning planes

Figure 2.3 View parallel to the [100] direction for (a) the

rutile structure and (b) the orthorhombic SnO, structure '



Lattice parameter (&)

Space Pressure
Phase

group (GPa) a b c
rutile P45/mnm 0 4715 | 4.715 | 3.194
CaCl, type Pnnm 12 4708 | 4.720 | 3.195
a—Pb0Os type Pbcn 17 4707 | 5.710 | 5.246
pyrite—type Pa3 17 5.066 | 5.066 | 5.066
ZrOs—type Pbca 18 9.970 | 5.113 | 5.022
fluorite-type | Fm3m 24 4.993 | 4.993 | 4.993
cotunnite—type Pnam 33 5.326 | 3.379 | 6.668

Table 2.1 Structural data of various SnO, structure'®
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Figure 2.4 Schematic diagram of oxygen exchange reaction

mechanism at the grain interfaces to explain the formation

and optical properties of the orthorhombic phase'™
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Figure 2.5 XRD spectra of the SnO. films deposited at
different substrate temperatures by MOCVD (a)500C,
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Figure 2.6 (a) Resistivity, Hall mobility and carrier

concentration, (b) transmittance of the SnQO, films as a

function of substrate temperature!®
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Figure 2.7 XRD spectra of the SnO, films deposited at
different substrate temperatures: (a) 500, (b) 600, (c) 700,
and (d) 7507C""
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YSZ (120)
[001]

Figure 2.8 Schematic diagram of the growth mechanism for

the single crtstalline O-SnO, film'*
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2.2.1. Atomic Layer Deposition
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Pros Cons

- Lower deposition - More complicated chamber
temperature design

- Broader range of - More complicated reaction
chemistry possible chemistry

- Denser films - Potentially poorer

- Lower impurity conformality

- Higher throughput (some - Slower (not always)
cases) - Damage to films (not

- In situ plasma treatments always)

- Additional growth
parameters

Table 2.2 Advantages and disadvantages of PE-ALD compared
to those of thermal ALD'"7
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Surface Energy (Jm™)
(110) 1.04
(100) 1.14
(101) 1.33
(001) 1.72

Table 2.3 Surface energies for relaxed stoichiometric surfaces
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Figure 2.13 Room temperature optical absorption spectra of

anatase and rutile films plotted as a'/?

vs photon energy (E)
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Figure 2.14 Typical gas—-sensing characteristics of three types
of SnO, whiskers, (a) a [101] whisker, (b) a [010] whisker,
(¢) a [110] whisker'?
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Figure 2.17 Ball-and-stick models for different surface
terminations of the (101) surface (a) stoichiometric SnO,, (b)
a proposed 2X1 structrue with every second bridging-oxygen
row removed, (c) surface layer with a SnO composition, and

(d) the dependence of the surface energy of these three

models on the oxygen chemical potential'*?!
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Figure 2.18 The low-index surfaces of SnO.: (a) (110); (b)
(100); (c) (101); (d) (001), with Sn and O ions shown in

unrelaxed positions!'*®!

- 37 - xﬂ—‘?’

TU



H ] T3

2 AYPo|A = plasmas  ©]&% ALD(Atomic Layer
Deposition, Quros Plus 100, =1)E A}&-3}o] SnO, #HES
Zzslth, B Ao A AFEE AN |EAHOl AT yE

o A% 7t~ 2 Fig 3.1} #o] F+A¥o{At}. chamber
= waferE ¥ 4 U+ load lock chamber®} processing
chamber® FA¥olon, XF2 Dry pumps ©]-&3}4]
107 Torr 744 @& 4 93l chamberW] 9] staged &LE+
700C7HA 2 AA 5 =S FEEHU S, heaterd] FF
AR Qlsle] AA|9] stage &=t olHut Ytk AXE RF
generator= 600W7}A] 1718 4= Tt} Source gasE AA g
of 1o} Choi*e] =&&
DBTDA(Dibutyl Tin Diacetate, Ci2Hz404Sn)E AHE-3F3 AL
ATFZE Fig 3.29F 2t 7]£o ALDE ©]&3le] SnO.&
2gk o] B3olA ditk47k SnCly = SnLiE A8l o,
SnClLi] 74-% Chloride ©]==°] M[EE AZFA7| A ZHlE 5
AA7IE 9 stz ARl o o] e, Snli= solid
source=H 129l FAFAHo] g EHER AEA| 7t e}
c}.126) DBTDA®] 8842+ Fig 3.2¢ =A|&nle} o] T 7]
o] acetate”]9} 7 712 bytul”]7} Snoll Bl FERE FHo
At DBTDA®] #2}5Fe 351.02¢]aL #+=42 139C, 714
2 1.3mmHg(20C)olth. ALD& Al A sourcez ©]-&3}7] ¢

ut

118Fe] metal organic =3

Y
o

o|\

- 38 - M=T



¢ A4 $71%h2 10mmHg ©[™, source’t HX! canisters
50C2 7tdsty 983 7t~g FFANES vk 333t

=]
Ar 7}2~E AFE3k= bubbler ZXE o] &3l source® T

oy

ko] =S Ao 4 Stk gEo] S& Y= staged] &%
9} chamberwf ] 42 Z12]3L plasmacl whe} ¥heke] 245k
E Wst Al 5 Qo B AdFol e 3.1 Aol AF3 Sne
precursor?l DBTDAS} O, plasmaZ ©]-&3}e] Sn0O, ¥HH2

Fashon.

O

|

(111) AAWE 7FA+= YSZ(Yttria-stabilized zirconia, 8
mol% Y:03) FAAS AREatalth. YSZ7]3 MTIAKW] =)l
A 9L s9en, 10mm * 10mm * 0.5mm ¢ FAMZHE =2
718 7HAH g o] A EHA polishing® 7]13-& ARE-SFS
o 52 A oAl E, WEE, deionized waterg ©]-83le] 7]¥
o EES A F AxAgEiY. dste WIS 7R
SnO, B F=37] 93te] chambert 9] 43, stage?] =&
%, plasmar|3t & WIAFlew FHEAL Table 3.1,

ALD®] & sequencet= Fig 3.3 YERN AT} S2H& A28}

32

l‘

M

-39 - M L- ]

31

1



71749 stageol] =it 7| L5 MG A A A
& AAE] ste] Are® 50#7F 100sceme &
purging A& o FHo] 5 ¥ ol Fol= TG LAY
3} by-products©| load lock chamber® Y%+ AL WA
st7] 9ete] S H sYsHA purgings sHHA &
H =5 STk

A
ol
=
N

—

3.3. v 72 % A4 4

p

Zzty dbabo] tste] WA FESEM (JSM7401F, JEOL,

At e

)3} AFM (NANOStation II, Surface Imaging Systems,
)= ol&3ste] H¥Ehe] morphology® Al on 4
tapping B E=Z 2708 S2E Bk A5 A5 9
o] X-ray diffraction (XRD, D8 Advance, Bruker AXS, 52
S SASS Y. SAZXTE 40kVY A 40mAe] AF=E A
Askglom 20 WS 20° ~ 80°, 2WEHEES 5°/min®] $=
=2 gstainh

dheko]l out of plane ©-20 FAH o= FAo] 7hFslhy
in-plane W45 SAs7] M= ¢, o, ¥ scano] 77t
Au7E Fasty oldugl 4% 3YQulE XRD (Model

X'PertPro, PANalytical, U@ & =)E ©]83}9] pole figureE

I
rlo

Oll
o

)
=

~—

|

o

7 3sle] ¥leto] in-plain HIEEA S EQlElSlar, 3 X-ray
reflectivity (XRR)E &3alo] ubete] wwef 77 1gjar AR
715 gelskalv. Anle] 7149l 42 Fig 3.4 WERRL
o},

- 40 - =5 L



3

R8s

o|N

A wvte) 24e #Asksl skl X-ray
photoelectron spectroscopy (XPS, Model AXIS, KRATOS,
AB)E ol&3ste] wiate] =4S &elshlth. XPS+= Mg Ka
(1253.6 eV)E °]&3}%laL, Ols¢ Sn3d core level ~HEH
o] ZA T BT ClsE 284.6 eVE X243 o5 7]Fo

%9},
3.4. A7 L B B4 B
Zahg wpebe] Wbl 2 AR WE 0714 548 97}

7] 9l8le] Hall measurement =74 (HMS-3000, ECOPIA,

3h)S A AEF T Hall measurement® HE=A] 2859

conductivity type¥} majority carrier 3% % o3 L& 57
= O~
i)

< Zo] ¢hnw Hrerel ¥l A2 £ ion coater® A41Y
FEel Pt A& FAskslen d4E =S HAsHAE]
Aste] t7] 9171914 600C e 2=l dXEE Y33
T} 542 Van der Pauw Method& ©]-&3}e] J-&eA S48}

Ford 548 A5 Astel AF AxARA ATE Y

A AviEol FEF vSZ A9E ol gale] uhupg

vo)E o] &sle] SAXALS FAAN ] A FYo| vhut
9] plane normal W3ako &2 JAlE == 3193, 2m slitS A

slom, 1o H48

Hl

960nm/min® =70 &E= 200nm ~

_ _ ___:rx _'k.:_ T | o
41 | I --| .



bl uhute] band gap® T

43

o]

my

371

1

s

7k Al A

i

3|

149

A

obx7] £

o)
=
Folch Wk

°©

=

=

A
S,

Al

=

=

o] Wz}

©
[

2h7ke] YS7 719k 9lel 23
7

7F2 Al A

3.5. 7}2& AA A7}

%

g A

ion coater

<]

comb3 B2l g olg A ul

skl Pt

<)

4

°

]

A
AN

[e)

=

o]

g

Py
EE

1

o Ag paste®

ILr
E

SEE

=

=

}o] 20mA, 0.1mbare] &4 300%
Au wire

=

°©

il

contact

0

Alr

0

3.6. 71~ 7S E

re

AHA] A
- 42 -

=

=

3.58 A AZFsE Al A
digital multimeter (Keithley 2000, "]=1)< ©]



25 Zzele] multimeteret FAFEIF GPIBEAIS o] 83519

A AZds F71H o= 7158 sqlth. 54 ASFE
&

)
=

H X2 7WE National InstrumentAle] LabView =&

712 200ms =2 Ak lar, A7kl SA4e el AA WE

g AAE Ve er AEeAa sl S5 A

s
2
)
[
il
= N
inSs
ol
o
R
)
>4
TN
of
v
i
3
Ir
X
o
o
fr
-z
n
12

0{&

Ethanol 7}~S Y1 A3 WS #2351t}

- 43 - Sk



Shower Head

D
\/
A Load Lock
Chamber
X Source - \l
e =

e Substrate

I
Rotary

Dry
’ Pump Pump

Figure 3.1 Schematic diagram of Plasma Enhanced Atomic
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Figure 3.2 Molecular structure of Dibutyl Tin Diacetate
(DBTDA) which is the metal organic source for SnO. thin film
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Substrate Temperature 100TC ~ 400TC
Canister Temperature 50T
Wall Temperature 100C
Line Temperature 70C
Working Pressure 240mTorr
RF Power 100W
Deposition Cycle 1000cycle

Table 3.1 Deposition condition of SnO. thin films

Source pulse First purge O, injection Second
3 sec 12 sec & O; plasma purge
2+ 10sec I2sec

[
l"‘| oy
o0 @ v @

@ e
o o0 a®@® ©
lw&w%a%% wmwffmw am%& %&%«W%

Figure 3.3 Working sequence of source gas injection, purging,

O, plasma and purging for SnO, thin films
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Figure 3.4 Schematic diagram of HR-XRD system'*?
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Figure 3.5 Source code of realtime gas sensor measure

program

Specimen

(Gas f{,\\

—
\ j Signal to
Quartz tube digital
multimeter

Figure 3.6 Schematic diagram of gas sensor measurement

system
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a) b)

0-5n0, 100°C 0-5n0,
R-Sn0, (200) (200)
(101) /
3 s00°C] 3
. .
2 d\ 2
: ﬂmm/ j ; w uﬁJ k"
= =
2 2
E Wl i seaatbant] Ll E P o g
o
0-Sn0, — 400°C
20 30 40 50 60 70 80 20 30 40 50 60 70 80

26 (degree) 26 (degree)

Figure 4.1 XRD patterns of SnO; film deposited on YSZ (100)

substrate with (a) 10 sec (b) 2 sec O, plasma



a) b)

100°C

S -

0-5n0, 0-5n0,

/ (110) (330)
e\

400°C — RSO,

(110) (220)

/ o

i

Intensity (a.u.)

Intensity (a.u.)

80 20 30 40 50 60 70 80
20 (degree) 26 (degree)

Figure 4.2 XRD patterns of SnO; film deposited on YSZ (110)

substrate with (a) 10 sec (b) 2 sec O, plasma
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a) b)

100°C
3 300°C] g
g &
= 2
s /K e
£ £
: gl /\ p!
E ka1 L - | Ll = duial
. 400°C| ~
20 30 40 50 60 70 80 20 30 40 50 60 70 80
26 (degree) 26 (degree)

Figure 4.3 XRD patterns of SnOs film deposited on YSZ (111)

substrate with (a) 10 sec (b) 2 sec O, plasma
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Figure 4.4 Schematic diagram of GIXRD measurement'*®

Bragg WA+ X- ’civ\
PAX-H

o =20y
(A2 23
T el
—

%3} X4

GIXD : Incident Angle = 2°
(110)R-SnO, I R-SnO, (41-1445)
=
g
=
&
2]
S (101) 211)  (220) (321)
= R-SnO,  R-SnO,| R-SnO, R-SnO,
20

Figure 4.5 GIXRD patterns of SnOs film deposited on YSZ

20 (degree)

(111) substrate
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€)) (b)

NONE SEI 5.0kV  X100,000 100nm WD 6.0mm SEI 5.0kv  X100,000 100nm WD 6.0mm

()

NONE SEI 50kv  X100,000 100nm WD 6.0mm

Figure 4.6 FE-SEM plane-view images of SnO; thin flims
deposited on (a) (100) (b) (110) (c) (111) YSZ substrates
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a) b)

1 frem)

W fren]

FMs = 0.3225nm FMs = 0.5894nm

RS = 0.5089nm

Figure 4.7 AFM images of the SnO: thin films deposited on
(a) (100) (b) (110) (c) (111) YSZ substrates
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02 04 a6 08 12 1% 16 18

Figure 4.8 XRR spectra of the SnO. thin films deposited on
(a) (100) (b) (110) (c) (111) YSZ substrates (blue lines are

measured by HR-XRD, red lines are simulated results)
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Films I?g/n;g)y Thiz:rt;:nr;ess Roughness
(100) O-SnO, 6.973 60.95 1.538
(110) O-SnO, 7.09 54.985 1.845

R-Sn0Oy 6.87 53.847 1.255

Table 4.1 Simulated density, thickness and roughness of SnO,

films analyzed by XRR spectra
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a)

b)

Intensity (a.u.)

500 496

492

488
Binding Energy (eV)

484 480

— (1M YSE
— (118)YSZ
= [111)}¥SZ

Intensity (a.u.)

O1s

s40 537

534

531

528 525

Binding Energy (eV)

Figure 4.9 (a) Sn3d and (b)Ols core level XPS spectra of

as—deposited SnO. films.
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[001]

RD
[100] o

[010]

Figure 4. 10 Definition of orientation of crystal axes in
therms of Eular angles %,, ¢ and v, defined relative to the
sample reference directions, here the rolling direction
RD(in-plane orientation) and the normal direction ND(plane

normal)!®"!
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a)

Figure 4. 11 {101} pole figures for the O-SnO; films
deposited on (a) (100) (b) (110) YSZ substrates
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variant structure 1 [002]
variant structure 1[012]

]
\x 1
i 1 -
substrate lattice I variant structure 2[012]
0.5147 nm i
1
0.5147 !
28.8° variant structure 2[002]
1
22l 2.4 I substrate [001]
I
0.5727 nm 1
s :
I
i
e

variant structure 1

variant structure 2

substrate [010]

Figure 4. 12 The schematic diagram of the epitaxial O-SnO-

variant structures deposited on YSZ (100) substrate!?®
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i L
0-5n0,(020)

Figure 4. 13 TEM image and FFT patterns of O-SnOs thin
film and (100) YSZ substrate

o 9% AT



0S8N0,

YSZ(111)

Figure 4. 14 TEM image and FFT patterns of O-SnO: thin
film and (110) YSZ substrate
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Zone [110]

(220) — ~ (200)

Wi R

YSZ (220) YSZ (111)

Figure 4. 15 TEM diffraction pattern of O-SnQO, thin film and
(110) YSZ substrate
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Figure 4. 16 TEM image and FFT patterns of R-SnO, thin
film and (111) YSZ substrate
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a)

® @ 9%-sn0, (100)

- -

b)

Figure 4. 17 Schematic diagrams of in—plane atomic
configurations for the SnO, films deposited on (a) (100) and
(b) (110) YSZ substrates.
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Sn0, — YSZ

Lattice mismatch =

[010] O-SnO, I [010] YSZ| [001] O-SnOq Il [001]YSZ

mistmatch 11.44 % mistmatch = 1.46 %

[110] O-SnO, I [110] YSZ [001] O-SnO; Il [001]YSZ

mismatch = 2.05 % mismatch = 1.46 %

Table 4.2 Epitaxial orientation relationship and lattice
mismatch calculation between SnO, thin films and YSZ

substrates
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Figure 4. 18 Optical transmittance spectra for the SnO, films

deposited on YSZ substrates
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Ny — Nysz

2
Reflectance = ( ) =0.1318

Ty + Nysz

2
Rair — ﬂsm}z) — 0.0963

Reflectance = (
Nyir + Nsno,

Nsno, — Nysz

2
Reflectance = ( ) = 3529 % 1072
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[ vsz
; / 75.37%

s}
13.18% 13.18%

SHOZ |

0.3529%

B / 78.18%

9.63%
° 13.18%

Figure 4. 19 Calculated reflectance of SnOs and YSZ
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Figure 4. 20 Plots of &’F vs. E for the SnO flims
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ABSTRACT

Tin oxide is a well-known wide band gap (3.6~4.0 eV)
n—-type transparent semiconductor which can be used in
such applications as gas sensors, solar cells, and
transparent electrodes. Generally, SnOs; has several
different crystalline phases including rutile-type,
orthorhombic—-type, and fluorite-type. Under normal
conditions, tin oxide exists in the rutile phase (R-SnOy),
and has been extensively studied by many researchers.
Another phase of SnOs; can exist under high temperature
and pressures.

Recently, 0O-SnO; can be epitaxially grown on
yttria-stabilized zirconia (YSZ) (100) and (120) substrates
by MOCVD method at low pressure and low temperature.
The structure and electrical and optical properties of
O-SnO, have been reported, but the detailed researches
are still lacking.

In this study, the epitaxially grown orthorhombic SnOq
thin films on various YSZ substrates fabricated by PE-ALD
(Plasma Enhanced Atomic Layer Deposition) method using
DBTDA (Dibutyl Tin Diacetate) as a precursor. The
deposited films were 60 nm thick and show a fine
morphology. The phase analysis was performed by XRD.

(100) O-SnOz and (110) O-SnO; films were successfully
grown on (100) YSZ and (110) YSZ substrates,

- 97 - -"JH_E 'ILI: -]



respectively. The in-plane orientations were investigated
by X-ray pole figure. The in-plane relationships of the
(100) O-SnO; film on the (100) YSZ substrate and the
(110) O-SnO; film on the (110) YSZ substrate were [010]

0-SnO: || [010] YSZ and [110] O-SnO: || [110] YSZ,
respectively. These  results are reconfirmed by
cross—section HRTEM. All the SnO, films exhibited a
similar electrical resistivity of ~2 x 107% Qcm and the
average transmittance of 78% in the visible range and thus
the electrical and optical properties were not noticeably
changed with film orientation and phase. The gas sensing
properties were measured using the flow type sensing
equipment. The H,, CO, and ethanol gas sensing properties
were determined by measuring the changes in electric
resistance between sample gas and pure air. Most films
exhibited the maximum gas response at 350C and poly
crystalline rutile SnO,, which is deposited on (111) YSZ
substrate exhibited the highest gas response and the
sensitivity of (100) O-SnOs is 3 times higher than (110)
O-5Sn0Oz toward Hy gas.

Key words : Orthorhombic SnO,, PE-ALD, epitaxy,

semiconductor gasS sensor

Student ID : 2010 — 23180
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