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a b s t r a c t

Highly smooth, refractive, and transparent films have recently received attention in the fields of lighting
and display applications for being used as energy saving devices via light extraction. Here, we have
prepared a titanium oxide hydrate solution from titanium (IV) butoxide in N, N-dimethyl acetamide
(DMAc) and evaluated inorganic films fabricated from the solution. The solution was transparent and
homogenous mainly due to the complexation of titanium oxide hydrate with DMAc. The solution was
spin-coated on a silicon wafer or a glass plate and dried under nitrogen to create a transparent film. The
refractive index of the film was ca.1.97 at a wavelength of 550 nm, even when it was annealed at a low
temperature of 150 1C. Atomic force microscope (AFM) results showed that the films were highly smooth
and that the root-mean-square (Ra) values of the film's surface roughness were sub-nm scale,
irrespective of the film drying condition. We identified our titanium oxide hydrate solution in DMAc
as a possible good candidate material for films with a high refractive index and surface evenness.

& 2015 Published by Elsevier B.V.

1. Introduction

Organic light emitting diode (OLED) displays, OLED and LED
lighting, antireflective coatings, and microlens component indus-
tries have focused on high refractive index (n) materials and their
films for the effective use of optical sources [1–6]. In particular,
transparent films with a high refractive index as well as surface
evenness are essential to effectively extract light in OLED lighting
and display applications [6–9]. These films should completely
cover a corrugated substrate, from which light is scattered, for
the flat deposition of anode. It is desirable that the refractive index
of the films is higher than that of indium tin oxide (ITO), which is
the most widely used anode in transparent devices. It is also
beneficial that the films are transparent in a visible region such as
ITO in order to obtain high light extraction efficiency. In addition,
the high refractive index films have to be flat in order to obtain a
high quality ITO layer when it is deposited on the films [10,11].

A titanium dioxide (TiO2) nano powder-dispersed solution has
been generally used to prepare high refractive index films because
TiO2 is simply synthesized from its precursors such as titanium
(IV) ethoxide, titanium (IV) butoxide, and titamium (IV) chloride in
aqueous and alcoholic media. TiO2 films are obtained by spin- or
dip-coating the TiO2 dispersed solution, followed by sintering the

TiO2 particles at high temperature. The film is generally very thin
(o100 nm) and uneven because the solid content of TiO2 in the
media is low (o10–20 wt%) and the TiO2 film is crystallized
during sintering. The sintering process has been carried out at
very high temperatures (4500 1C) [12,13].

In our study, we prepared a titanium oxide hydrate solution via
the sol–gel reaction of titanium (IV) butoxide in N, N-dimethyl
acetamide (DMAc). It is expected that the titanium oxide hydrate
would be soluble in DMAc because of the hydrogen bonding between
the carbonyl groups of DMAc and the hydroxyl groups of titanium
oxide hydrate [14,15]. This soluble preoperty would be advantageous
for us to obtain highly flat films. The DMAc hydrogen-bonded with
the titanium oxide hydrates hinders the progress of crystallization of
the TiO2 films when they are annealed. Therefore, in our system,
amorphous TiO2 films with high refractive index and surface even-
ness can be obtained from the titanium oxide hydrate soiution in
DMAc even at low annealing temperature. Also, we discuss the
possibility of using the solution as a candidate material for high
refractive and smooth films.

2. Material and methods

Materials: Titanium (IV) butoxide were purchased from Tokyo
Chemical Industry Co., Ltd. N, N-dimethyl acetamide (DMAc), a 37%
hydrochloric acid solution in water, and 1-methyl-2-pyrrolidinone
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(NMP) were purchased from Aldrich Chemical Co., Inc. All reagents
were used as received.

Preparation of titanium oxide hydrate solution and its film: After
0.87 mL of 37% hydrochloric acid solution in water was added
carefully in 3.2 mL of DMAc under nitrogen, 2.0 g of titanium (IV)
butoxide was added dropwise into the DMAc solution with
stirring. The reaction was carried out for 1 day at room tempera-
ture. Several hours after the solution was filtered with a 0.2 mm
Teflon filter, it was spin-coated on a silicon wafer or a glass plate at
ca. 3000 rpm for 30 s. The solution layer was thermally annealed
at each temperature under nitrogen for 1 h.

Fabrication of OLED device with a nano-structured scarttering
layer: A glass with randomly nano-structured scattering layer was
prepared with a silver dewetting mask. After a TiO2 colloidal
polyvinylpyrrolidone (PVP, Mn¼40,000) solution layer coated on
the nano-structured glass was annelaed, the titanium oxide
hydrate solution was coated on the TiO2/PVP layer and annealed
at 250 1C. Indium tin oxide and aluminum as an anode and a
cathode, respectively, and various organic materials for hole
transport, electron transport, and emitting layers were vacuum-
deposited. Details on the preparation of TiO2 colloidal PVP solu-
tion, materials, and the above fabriction processes have been
reported elsewhere [6–9].

Measurements: Infrared (IR) and UV–vis spectra were recorded
with a Nicolet 6700 FT-IR spectrophotometer and a PerkinElmer

Lambda 750 UV/VIS/NIR spectrophotometer, respectively. The
solution viscosity was measured at 25 1C by an AND SV-1A
viscometer. Atomic force and scanning electron micrographs were
obtained on a PSIA XE-100 atomic force microscope and an FEI
Sirion scanning electron microscope, respectively. The film's crys-
tal structure was examined with a Rigaku RU-200BH X-ray
diffraction analyzer. The refractive indices of the films were
measured using a J.A. Woollam M-2000V and a EC-400 spectro-
scopic ellipsometer. The Cauchy dispersion relation was applied to
a three-layer model consisting of air, film, and a silicone substrate.
WVASE32s software was used for data analyses.

3. Results and discussion

A titanium oxide hydrate solution was prepared by using
titanium (IV) butoxide in DMAc, as shown in Fig. 1a. Titanium
(IV) butoxide is hydrolyzed by water. Titanium oxide hydrate is
obtained by the condensation reaction between the hydroxyl
groups of hydrolyzed titanium (IV) butoxide. The condensation
reaction (sol–gel reaction) was carried out under acidic condition.
Under this condition, the condensation reaction between the
hydroxide groups of hydrolyzed titanium (IV) butoxide is slow,
even though the hydrolysis reaction of the alkoxide group in
titanium (IV) butoxide is fast [16]. A 37% hydrochloric acid solution

1
2
3
4
5
6
7
8
9

10
11
12
13
14
15
16
17
18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35
36
37
38
39
40
41
42
43
44
45
46
47
48
49
50
51
52
53
54
55
56
57
58
59
60
61
62
63
64
65
66

67
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84
85
86
87
88
89
90
91
92
93
94
95
96
97
98
99

100
101
102
103
104
105
106
107
108
109
110
111
112
113
114
115
116
117
118
119
120
121
122
123
124
125
126
127
128
129
130
131
132

Ti
O

O

O
HCl in DMAc Ti

O

O
O

Ti

Ti

O

Ti
OH

OH

O

OH
O

O
O

O

Ti
O

O

Ti

Ti

HO

O

OH

O

OH
OH

Ti

OH

O
O

O

OH
O

N

O

O
N

O
N

O

N

O

N

Titanium oxide hydrate solution in DMAc

Titanium (IV) butoxide

Wavenumber (cm-1)
1000150020002500300035004000

Tr
an

sm
itt

an
ce

C=O

C=O

C=O

a

b

Fig. 1. An idealized reaction for preparing titanium oxide hydrate solution in DMAc (a) and IR spectra of DMAc ( ), titanium oxide hydrate solution in DMAc ( ), and the
titanium oxide hydrate film ( ) annealed at 150 1C for 1 h under nitrogen (b).
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