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There are two original studies in this doctoral thesis. First, I succeeded in the fabrication of annealing-free

o

Nb-doped transparent anatase TiO, (A-TiO,:Nb) films on alkaline-free glass substrates by helicon-wave-excited-plasma sputtering
(HWPS). The films tended to crystallize in the stable electrically semi-insulating rutile phase. However, although the appropriate
deposition condition window was narrow, the deposition temperature higher than 450 °C and O, partial pressure PO, in the range
between 5x10” and 1x10” Pa, enabled the deposition of a high refractive index semi-conducting anatase phase. Anatase
Tigg07Nbo030, film deposited at 500 °C and PO,= 5x10 Pa exhibited a resistivity of 3.4x10* C:cm and an optical transmittance
higher than 90%. The refractive index of A-TiO»:Nb was found to be approximately 2.63 at 450 nm with spectroscopic ellipsometry,
which is comparable to the InGaN alloys.

Secondly, crystal phase-selective epitaxy of TiO,:Nb film on GaN is demonstrated using helicon-wave-excited-plasma
sputtering epitaxy (HWPSE) for the first time. On the clean (0001) GaN, rutile (100) TiO,:Nb was grown regardless of growth
temperature 7, On the (0001) GaN covered with a monolayer-thick (100) or (001) 3Ga,O, anatase (001) A-TiO,:Nb films were
grown under high 7, and low O, partial pressure conditions. The transmittance between 450 and 900 nm for the 200-nm-thick films
was approximately 80%. Typical resistivity of the A-TiO,:Nb/GaN hetero-structure was as low as 3.6x10*(2.cm, due to the interfacial
conduction.

Transparent conducting oxides (TCOs) are a key component in many optoelectronic devices including flat panel displays,
smart displays, and photovoltaic devices. Recently, A-TiO,:Nb films are attracting attention as a new TCO. The values of & and T of
A-TiO,;:Nb were comparable to those of Sn-doped In;O;. A-TiO,:Nb is more suitable for TCO than rutile one due to its higher

mobility and larger Bohr's radius.
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Sputtering  methods  can
prepare large-area films of well controlled
compositions economically. However, the
surface damage caused by high energy
sputtering particles is a critical issue. To
overcome the problem, our group has been
developing a newly designed deposition
technique using a
helicon-wave-excited-plasma (HWF),
which can be excited in relatively
high-vacuum and generates high-density
low-energy plasma. From a practical point
of wview, direct growth of TiO:Nb
polyerystalline films on heated subsirates
is preferable because such a process is
more cost effective. However, A-TiO;:Nb
polyerystalline films directly grown on glass
tend to show = values much higher than films
produced by the thenmal annealing method.
The lowest o value reported in the literature
is p= 17210 Ccm, which is too high for
practical use. Hence, direct fabrication of
highly conducting TiO:Nb polyerystalline
film on glass is a challenging issue.

In chapter 4, 1 explained the
critical importance of very low oxygen
partial pressure for emerging semiconducting
property in anatase phase
TiOx:Nb-visible-transparent ~ films ~ on

alkaline-free glass substrates was described

Fig 1. The panel shows the three dimensional (3D) representation of the ratio
of anatase to rutile phase (P,) in the Ti),Nb,0; films (x=0.057 and 0.093) as
functions of Td and PD; t where PO, isa F{Iillm Gde &I‘H".Tf{c}z}

p(Q-cm)

Fig.2. 3D representations of resistivity for the A-TiOy:Nb films as functions
of NbO, mole fraction x and {05). The films were grown at T;= 500 °C and

P=5Pa.
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for the unique, post-deposition annealing-free HWPS method. The TiO»Nb films tended to crystallize in the stable rutile phase, as is
the case with PLD and other deposition methods. Because rutile TiO, (R-TiO:) is an insulating material, depositing A-Ti0, is
necessary for obtaining TCO films. To find the deposition window for obtaining A-TiO,, the crystal structure was examined as
functions of Ty, Fy, and PO, which change the degree of oxidation. As PO, is a product of P; and £(0,), the ratio of anatase to rutile

phase (P,) of the films is summarized as

, _ < e 2
functions of 7y and PO, using a € o | o
three-dimensional representation in Fig 1. E ) 1 2 b
The deposition condition window suitable &= E E
for  reasonably semi-conducting 525 ‘1%§
A-TiOxNb film fabrication was very low |6 H\ 2.63 (450 nm) - I.I&.l
PO, (5%107~1%10"" Pa), and high 7 § i - ﬁ O
(450~500 °C) conditions. As far as anatase &2_0‘ Lt g cuasde O
phase was mainained by the sl  OBE 300 400 500 600 700 800

phase-selection, the electron concentration WAUELENGTH (nm)

and resistivity increased and decreased,  Fig3 Representative spectroscopic ellipsometry results (refractive index and
respectively, with the increase in Nb  extinction coefficient) for the 255-nmrthick TigeNbn:Os film deposited by
concentration up to x= 0093, when AO2)  HWPS at 7= 500 °C, P= 5 Pa, and l02)=0.02 %.

was properly conirolled between (.005

and 0.02 % (7= 500 °C, Fy= 5 Pa). According to the surface-damage-free property of the remote plasma-type HWPS method,
smooth A-TiO;Nb (and R-TiO;Nb as well) films were obtamed. The root-mean- square (RMS) roughness values for the
A-Ti.Nb.O; films were as small as 12 nm, which are similar to the A-TiO; films deposited by the reactive dc magnetron sputtering
and PLD methods. Because neither the seeding layer for obtaining the most conducting (001) orientation A-TiO::Nb nor H; annealing

was used throughout this study, the lowest p value was 3.4x107 Q-cm [x = 0.093 and 0,)= 0.01 %], r=2.2 = 10" em >, and gy = 2.8
cm’/Vs.

Simultaneously, transparent (7> 85 %) property and index- matching to GaN (~2.63 at 450nm) were demonstrated as
shown in Fig 3. In order to verify the transmittance values and to obtain the dispersion relations for refractive index » and extinction
coeflicient k, spectroscopic ellipsometry was used and representative results for a 255-nm -thick A-TigeNbye:0; film on a glass
substrate are shown in Fig.3. In analyzing the raw data, Kramers- Kriinig model was employed. From Fig.3., n was determined to be
approximately 2.63 at k= 450nm and 2.55 at = 500nm. These values are not far from those of GaN being 2.48 and 2.43 at 450 and

S00nm, respectively.
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In chapter 5, I demonstrated the selective epitaxial growth of rutile and anatase TiOx:Nb films on GaN templates by the

HWPSE technique. GaN-based technology has lead to an explosive growth in optoelectronics, triggered by the invention of blue light

emitting diodes (LEDs) and blue laser _ - After the deposition of Ga,0,
diodes. The first step for applying the _—
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Approximately 200-nm-thick TiO.:Nb

epilayers were grown using the

H clean GaN “

¥ |
rLI ,

HWPSE apparatus on a 3-um thick
(0001) GaN epitaxial template, which

was grown on a (001} Al;O, substrate

XRD INTENSITY (arb.units)

RGeSy 20 30 40 S50 60 70 80
The NbO, mole fraction x of the 20 (deg.)

sintered Ti; Nb,O, target was 0.057. Fig4. Representative 20-o XRD patterns for TiO,:Nb epilayers grown on etched
The crystal phase of the epilayer could and Ga,Oy-covered (0001) GaN templates. The designed Ga,O, thickness was
be controlled by the pre-treatment 0.6 nm.

procedure on the GaN surface. On the

GaN template cleaned and etched with a HCI dipping, purely rutile (100) TiOy:Nb films were grown. The results indicate that the
insertion of a thin Ga-O layer either by thermal oxidization or by growing Ga,O; sheet layer changed both the crystal phase and
epitaxial relationship. Representative 20-w x-ray diffraction (XRD) pattemns for the TiO:Nb films grown on the etched and
Ga,0,-covered (0001) GaN templates are shown in Fig4. On the etched GaN, (100) R-TiO;:Nb grew regardless of T, between room
temperature and 520 °C, as shown for example by the bottom trace. Conversely, the (004) A-TiO, diffraction peak appeared in
addition to (200) R-TiO, peak for the film grown on the Ga,0-covered (0001) GaN. The rutile (100) TiO:Nb films grew on the
etched clean (0001) GaN surfiice with the in-plane epitaxial relationship [010] TiO; // [10-10] GaN. While, the anatase (001) TiOx:Nb
films grew on appropriately axidized (0001) GaN with the in-plane relations [110] TiO, /# [10-10] GaN (and [110] TiO; // [11-20]
GaN) under high temperature and low oxygen partial pressure conditions. A-Ti0, may grow with (001) A-TiO¥/(0001) GaN and
<110> A-TiOy//<010> Ga,0,/<11-20> GaN. A monolayer- thick Ga,0, insertion is shown to convert the crystal phase and

orientation of the overgrown TiO,:Nb epilayer from (100) rutile to (001 ) anatase,
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