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Introduction – Indium-Tin-Oxide (ITO)Introduction – Indium-Tin-Oxide (ITO)
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Effect of UV-ozone treatments on ITO substrateEffect of UV-ozone treatments on ITO substrate
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Understanding of the ITO surfaceUnderstanding of the ITO surface

Before & after surface treatments

Solvent cleaning

Plasma – Oxygen, Nitrogen, Argon

Sputtering

UV-ozone

Why is the UV-ozone or oxygen plasma treatment required?

ITO Surface

Before

Hydrocarbon or grease

ITO Surface

During

O•  or  O3  +  UV

ITO Surface

After
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Angular dependent X-ray photoelectron spectroscopy (ADXPS)

[Take-off-angle (TOA): 5o, 15o, 45o, 90o Electron mean free path λ ~23Å]

   Determine the composition of surface & bulk ITO (In3d, Sn3d, O1s)

   Determine the surface contamination (C1s)

Ultraviolet photoelectron spectroscopy (UPS)

   Determine ITO work function (φITO)

MethodologyMethodology

X-Ray

photoelectron

TOA

hυ - φ

EFInelastic
cutoff
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Angular-resolved photoemission studyAngular-resolved photoemission study
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Id = I∞∞∞∞ [1 – exp(-d / λλλλ)]
λ– inelastic mean free path (IMFP)
or escape depth

λ(23Å for ITO)
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Experimental setupExperimental setup

Sanyo Vacuum 11.4Ω/sq.
Thickness: 1500 Å

ITO glass

Al Kα - 1486.6 eV
He (I) - 21.22 eV
PHI Quantum 2000, VG-CLAM+4LH multi-
channel hemispherical analyzer

XPS / UPS

PLASMA-PREEN system
Gas: O, N, Ar
Flow rate: 2.0 scfh @ 5 psi

Plasma

Jelight UV grid lamp, Model 42-220
UV dosage 18 000 µW/cm2

Peak wavelength 253.7 nm

UV-ozone

S.K.So, Appl. Phys. A 68, 447 (1999)



 
Department of Physics
Hong Kong Baptist University

Results & DiscussionResults & Discussion
A.   Plasma treatments (O, N, A.   Plasma treatments (O, N, ArAr, , ArAr++ sputtering) sputtering)

Surface elemental changes (15o, 90o) [In], [Sn], [O], [C]

XPS spectra – surface carbon (C) & oxygen (O) composition

Carbon contaminations (C-H, C-O)

UPS data – ITO work function (φITO) changes with surface stoichiometry

B.   UV-ozone (UVO) treatment B.   UV-ozone (UVO) treatment (after solvent cleaning)

Detailed surface elemental changes (5o, 15o, 45o, 90o)

Surface chargingSurface charging on ITO surface before and after UVO

     “Before” – surface carbon contamination

     “After” – Reduction of oxygen vacancies due to oxygen ions diffusion

C.    Proposed model C.    Proposed model –– Explanation of improvement on device efficiency Explanation of improvement on device efficiency
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Surface elemental changes (15o, 90o) [In], [Sn], [O], [C] after plasma treatments

Plasma treatmentsPlasma treatments

[C] Carbon inside ITO bulk

[C]surface > [C]bulk – a layer of carbon 
contamination

Solvent cleaning – less effective

O-plasma – most effective

O-plasma & N-plasma introduce oxygen & nitrogen
to the ITO surface.

Generally, Ar+ sputtering reduces the In:Sn ratio

198877TOA
15o

18101099TOA
90o

Sputter-
ing

N-
plasma

Ar-
Plasma

O-
plasma

Solvent
cleaning

In:In:SnSn

[O] O-plasma - highest [O]surface



 
Department of Physics
Hong Kong Baptist University

Plasma treatmentsPlasma treatments

292 290 288 286 284 282

ITO after chemical clean

        TOA: 90°
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Representative XPS spectra – Surface Carbon CompositionRepresentative XPS spectra – Surface Carbon Composition

C-H (285eV)

C-O (288eV)
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ITO after solvent cleaning
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Plasma treatmentsPlasma treatments
Representative XPS spectra – Surface Oxygen CompositionRepresentative XPS spectra – Surface Oxygen Composition

O2− ions bonded to In 3+ (530.3eV)

O bonded to In & Sn or
O associated with C-O
contamination (531.5eV)

O associated with C-O
contamination (532.8eV)
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Plasma treatments - SummaryPlasma treatments - Summary
Carbon contamination

15o TOA (SurfaceSurface)90o TOA (BulkBulk)

3.429.40.911.6Ar+ sputtering

7.840.74.927.6Argon plasma

5.129.53.017.1Nitrogen plasma

3.923.12.415.5Oxygen plasma

8.248.94.318.2Solvent cleaning

C-OHydrocarbonC-OHydrocarbon

Methods
Carbon atomic concentration (%)

Factors affected φITO: a. carbon contamination on ITO surface

b. the stiochiometry of ITO

Work function
(eV)90o TOA (BulkBulk)

[OInSn]/1.5[In]+2[Sn]

15o TOA (SurfaceSurface)

3.900.590.64YesAr+ sputtering

4.260.620.72NoArgon plasma

4.320.680.72YesNitrogen plasma

4.400.760.75YesOxygen plasma

4.150.640.70NoSolvent cleaning

Treatments
Carbon removal

Chemistry & work function of ITO

W. Song, Appl. Phys. A 72, 361 (2001)
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Plasma treatmentsPlasma treatments
Work function of ITO – Prefer lower C contamination & higher stoichiometryWork function of ITO – Prefer lower C contamination & higher stoichiometry

W. Song, Appl. Phys. A 72, 361 (2001)
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UV-ozone treatmentsUV-ozone treatments

After UVO:   a. Significant reduction of carbon contamination
    b. Increase in oxygen concentration

surfacesurface bulkbulk

80Å 80Å6Å 6Å

[In]:[[In]:[SnSn]] surface < bulk

10%15%BulkBulk

15%40%SurfaceSurface

AfterBefore[C][C]

47%47%BulkBulk

50%42%SurfaceSurface

AfterBefore[O][O]

W. Song, Appl. Surf. Sci. 177, 158 (2001)
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UV-ozone treatmentsUV-ozone treatments

Surface charging effect on Surface charging effect on untreateduntreated ITO [C 1s] ITO [C 1s]

Before UVO treatment, a thin layer of 7Å (charging at 5o

TOA only) only nonconducting carbon contamination is
found on the ITO surface.

Surface charging effect on Surface charging effect on UVO treatedUVO treated ITO [C 1s, O 1s] ITO [C 1s, O 1s]

UV-ozone treatment introduces O2- ions into ITO surface with
modification depth ~50Å. The ITO surface become less
conductive and charging effect is observed in terms of shift of
C 1s. (5o – 45o TOA, C 1s peak shifts to 286 eV; 90o TOA, C 1s
= 285eV no charging)

Charging effects in XPSCharging effects in XPS
Non-conducting sample bulk or surface
Positive holes accumulated due to photo-emitted or Auger electrons
Shift of XPS peaks towards high B.E.

X-ray

Non-conducting
layer

photoelectrons

e-e-e-

High B.E.

a

b

a b
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C=O, COO-

Carbon in ITO

285.0285.270  [9070  [90oo]]

285.9285.050  [4550  [45oo]]

286.0285.118  [1518  [15oo]]

286.0285.67  [57  [5oo]]

AfterAfterBeforeBeforeDepth (Å) [Depth (Å) [θθθθθθθθ]]UV-ozone treatmentsUV-ozone treatments
XPS spectra - C 1sXPS spectra - C 1s

Ref. C 1s (285.0 ± 0.1 eV)

C 1s acts as surface potential indicator
Before UVOBefore UVO
A thin layer of 7Å (charging at 5o TOA only)
only non-conducting carbon contamination is
found on the ITO surface.
After UVOAfter UVO
Charging occurred from 5o to 45o TOA.
NOT from contamination

444.7070  [9070  [90oo]]

445.0550  [4550  [45oo]]

445.1018  [1518  [15oo]]

445.257  [57  [5oo]]

In 3dIn 3d After UVO After UVODepth (Å) [Depth (Å) [θθθθθθθθ]]
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UV-ozone treatmentsUV-ozone treatments
XPS spectra – O 1sXPS spectra – O 1s
Surface Oxygen CompositionSurface Oxygen Composition

Increase of oxygen concentration - contributed to the increase of P1(O2-) & P2(C-O).

i.e. UVO introduces O2- ions into ITO surface.

AfterAfterBeforeBefore
P1 : P2 : P3P1 : P2 : P3Depth (Å) [Depth (Å) [θθθθθθθθ]]

4.2 : 2.6 : 12.8 : 2.0 : 170  [9070  [90oo]]

2.8 : 2.2 : 12.3 : 1.8 : 150  [4550  [45oo]]

1.2 : 1.5 : 11.4 : 1.3 : 118  [1518  [15oo]]

1.3 : 1.2 : 11.1 : 1 : 17  [57  [5oo]]
P1 (530.3eV)P1 (530.3eV): O2- in the tetrahedral
interstics of FCC In3+ ion array

P2 (531.8eV)P2 (531.8eV): O from C-O contamination.
O bond to In & Sn in ITO.

P3 (532.8eV)P3 (532.8eV): loosely bonded Oo from
contamination
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Proposed modelProposed model

φsurface = 4.4eV (UPS)

φbulk = 4.15eV (UPS)

Surface potential ψs = 0.25eV

Bandgap = 3.9eV (PDS, Absorption spectra)

Ionization potential Ip > 8.1eV

In 3dsurface (TOA 15o, 7Å) = 445.25eV (ADXPS)

In 3dbulk (TOA 90o, 50Å) = 445.05eV (ADXPS)

Shift in In 3d within ~50Å = 0.2 ± 0.02eV

After UV-ozone treatment

Surface band bendingSurface band bending

ITO

EF

HTL

EVac

EVac

HOMO

LUMO

CB

VB
50Å

Eg = 3.9eV

4.15eV
4.4eV

ψs

HOMO

LUMO

ITO

EF

HTL

EVac

CB

VB

Eg = 3.9eV

4.15eV

Before UV-ozone treatment
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ConclusionConclusion
ADXPSADXPS indicates ITO surface is Sn-rich (In:Sn=7:1) & In on ITO surface exists in
more complex chemical states than in the bulk.

O-plasma & N-plasma effectively remove ITO surface carbon contamination.

Work function of ITO can be increased by reducing surface carbon contamination &
increasing the surface stoichiometry of ITO.

Before UVO treatmentsBefore UVO treatments, a non-conducting thin layer of carbon contamination (~7Å)
at ITO surface. UVO removes most carbon contamination at ITO surface, The
residual carbon at ITO surface is partially oxidized.

After UVO treatmentsAfter UVO treatments, ITO surface (~50Å) is modified through introducing O2- ions
on the ITO top surface. The conductivity of ITO surface is decreased.
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