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Potassium-doped nanostructured titanium oxide films were fabricated using a wet corrosion process with various KOH solutions. The doped

condition of potassium in TiO2 was confirmed by Raman spectroscopy and X-ray photoelectron spectroscopy (XPS). Nanotubular were

synthesized at a dopant concentration of <0:27%; when the dopant concentration increased to >0:27%, these structures disappeared. To

investigate the electrical properties of K-doped TiO2, pseudo metal–oxide–semiconductor field-effect transistor (MOSFET) samples were

fabricated. The samples exhibited a distinct electrical behavior and p-type characteristics. The electrical behavior was governed by the volume of

the dopant when the dopant concentration was <0:10% and the volume of the TiO2 phase when the dopant concentration was >0:18%.

# 2011 The Japan Society of Applied Physics

N
anostructured metal oxides have attracted consider-
able attention because of their unique applications in
mesoscopic physics and the fabrication of nanoscale

devices.1–4) In particular, nanostructured alkali-metal tita-
nates have various characteristic properties such as geo-
metric properties and a high aspect ratio along with good
ion-exchange properties and moderate electroconductivity.2)

Alkali-metal titanates can be utilized in applications
including catalysis, photocatalysis, bioelectrocatalysis, hy-
drogen storage, lithium batteries, and solar cells. Potassium
titanates have been known for their electrical properties and
catalytic capabilities.1–3) However, there are only a few
studies on the preparation of potassium titanates and the
characterization of their electrical properties. In this letter,
we investigate a simple approach for fabricating nano-
structured potassium titanates by using a wet corrosion
process (WCP) in terms of the treated KOH concentra-
tions. Furthermore, a relationship between the WCP and
the electrical behavior of the fabricated titanates is
discussed.

Pure Ti metal substrates (dimensions: 10� 10� 1:0
mm3) were polished and washed with acetone and water.
Then, they were subjected to an alkali treatment by soaking
in KOH aqueous solutions (concentration: 1.0, 5.0, 10, 15,
20, and 25mol/L) at room temperature for 24 h. Thereafter,
the metal substrates were gently washed with water.
Changes in the surface structure, shape, and size of the Ti
specimens were observed using a field-emission scanning
electron microscope (FE-SEM; JEOL JSM-6500F) which
were operated at 10–15 kV with 45� tilted samples, and a
transmission electron microscope (TEM; Hitachi H-700)
with 200 kV operated. TEM specimens were prepared by a
pure titanium grid (Ti: 100 mesh) which were treated KOH
solution. Measurements with a Raman scattering spectro-
meter with a micro-Raman attachment, configured in the
triple subtractive mode. For analyzing the elements in the
fabricated Ti specimens the X-ray fluorescence (XRF; JEOL
JSX-3202M) measurements were carried out using powerful
X-ray source (50 kV, 1mA, 50W). The chemical composi-
tion of these specimens was determined by an energy-
dispersive X-ray analysis (EDXA; JEOL JSM-6500F) at 10–
15 kV, and X-ray photoelectron spectroscopy (XPS; Kartos/
Shimadzu AXIS-His 166) with a focused monochromatic
Mg K� X-ray source (1253.6 eV) for excitation. The

electron take-off angle was 45�, and the analyzer was
operated in the constant energy mode for all measurements.
To study the electrical properties of the fabricated Ti
specimens, pseudo metal–oxide–semiconductor field-effect
transistor (MOSFET) samples were fabricated and current–
voltage (I–V ) characteristics were measured.

Figure 1 shows the FE-SEM images of the surfaces of the
Ti metal treated with 5.0, 10, and 25mol/L KOH solutions.
Considering our previous report to synthesize the titanium
oxide film by WCP, the morphology of the obtained
nanostructures depended on the concentration of the KOH
solution used.4) When the concentration of the KOH solution
was <10mol/L, relatively short and thick nanotubulars were
obtained; the diameters of these nanotubulars ranged from
20 to 150 nm. Long and thin nanotubulars were obtained
in the case of KOH solutions with concentrations of 10–
20mol/L; the diameters of these nanotubulars ranged from
10 to 100 nm, and their lengths were several tens of
micrometers. From this morphology change, the diameter
of filiform projection which were linked nanotubular
textures is getting longer, and the shape is more smooth at
high KOH concentration. However, the nanotubulars
disappeared when the KOH concentration was 25mol/L.
It was confirmed by SEM–EDXA that the nanotubulars
consisted of Ti, O, and K elements by SEM–EDXA (data
not shown).

Figure 2 shows the TEM images and selected-area
electron diffraction (SAED) patterns of the nanotubulars
treated with 5.0 and 10mol/L KOH solutions. The SAED
patterns of all the nanotubulars were the same. On the basis
of the SAED patterns [Figs. 2(b) and 2(e)] and the SEM–
EDXA, all the products were identified as potassium
titanate.

The Raman spectra of the KOH-treated Ti specimens are
presented in Fig. 3(a). New peaks were observed for the
potassium titanate phase (188, 192, and 280 cm�1) caused
mainly by the structural changes in TiO2. The synthesis of
potassium titanate involved a rearrangement of Ti–O bonds.
Potassium atoms were inserted in the space between the Ti–
O bonds. Ti–O–K bonds were formed with some of the
broken Ti–O bonds; the other Ti–O bonds were reserved.
The peaks at �445, 660, 743, and 903 cm�1 were assigned
to different TiO2 phases (anatase, rutile, and brookite).5,6)

Therefore, it indicated that potassium titanate exhibited the
characteristics of a (Ti–O–K) structure unit containing TiO2

phases.7) A Raman spectroscope with the back-scattering�E-mail address: takai@mpc.t.u-tokyo.ac.jp
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configuration was used for examining the structural proper-
ties of the films. Raman shifts are affected by the vibration of
the electronic polarization of the constituents in the films,
which depend on bonding characteristics such as the atomic
distance and bonding angle.8) Therefore, it can be concluded
that when potassium titanates are derived from the Ti metal,
the atoms become rearranged in the Ti metal. Moreover, the
structure of the product changed when a chemical bond was
rearranged. These results were verified from the results of

XPS. While the untreated Ti metal has no peak of K 2p, the
KOH-treated sample showed a strong intensity peak of K 2p
at 293.5 eV due to formation of the Ti–O–K bonding. If the
potassium exists as potassium itself, the binding energy of
potassium should be about 295 eV. However, the peak was
observed about 293.5 eV which was the region of the
compound as Kþ. This result showed that the potassium in
products was making a compound with other components,
although the compound was not clear.

Considering the synthetic process of potassium titanate
with WCP using KOH aqueous solution, generally, it is
necessary to dissolve the initial source first. In this system,
the initial source, namely, Ti metal, were partially dissolved
by alkaline solution and have formed Ti–O bonding. Parts
of Ti–O bonding were changed to Ti–O–K bonding due
to inserting of potassium. This means the initial reaction is
corrosion of Ti metal, thus the Ti metal which was treated by
the high KOH concentration makes mass dissolve Ti, and it
results in mass products (Ti–O and Ti–O–K components).
Raman results confirmed that the amounts and crystallinity
of these products are increasing at the high KOH solution.
From these results, the products consist of two components
of TiO2 and potassium titanate with different crystallinity.
Therefore, SAED patterns of TEM showed only the
potassium titanate at the 5, 10mol/L treated Ti due to the
low crystallinity of TiO2. It is reported that the structure of
potassium titanate consist of layered sheets made of Ti–O
bonding compounds linked with the potassium atoms.9,10)

Conductivity of KOH-treated Ti depends on the potassium
content in the products phase, although conductivity is
influenced by the ratio of TiO2 phase which shows insulator.
Thus, it can be thought that the potassium plays like a
dopant, so we can call the products as potassium-doped TiO2

(K-doped TiO2).
To investigate the electrical properties of K-doped TiO2,

pseudo MOSFET samples were fabricated using 0.03, 0.10,
and 0.18% K-doped TiO2 because the conductivity of these
films followed the same ascending order. The samples were
prepared using the following processes: 1) Amorphous
silicon dioxide (a-Si) layer was used for a gate insulator and
the Si substrate for a gate. 2) To avoid the Si etching by the
KOH solution, a-SiO2/Si was encapsulated with epoxy and
left on the top surface for Ti sputtering. 3) 300-nm-thick Ti
layers were deposited on a-SiO2/Si substrates and treated
with 1.0, 5.0, 10mol/L KOH solutions. 4) Au was deposited
on the K-doped TiO2/SiO2/Si surface to form an electrode

(a) (b) (c)

Fig. 1. FESEM images of 45� tilted nanostructure treated with (a) 5.0mol/L KOH solution, (b) 10mol/L KOH solution, and (c) 25mol/L KOH solution.

The scale bar in the images is 100 nm. (All the inserted images are top views and the scale bar is 100 nm bar.)

Fig. 2. (a) Typical TEM image and (b) SAED pattern of nanostructure

treated with 5.0mol/L KOH solution. (c, d) Typical TEM images, (e) SAED

pattern, and (f) HRTEM images of nanostructure treated wirh10mol/L

KOH solution.

Fig. 3. Raman spectra of the surfaces of the KOH-treated Ti metals at

various concentrations.
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by vacuum evaporation. The final sample structure was Au/
K-doped TiO2/SiO2/Si.

Figure 4(a) shows the I–V curves as a function of the K-
doping concentration. All the samples showed ohmic like
characteristics, indicating that the fabricated K-doped TiO2

is capable of electrical transport. The conductivity of the
individual samples increased until the content of dopant was
0.10% and then decreased gradually. (The conductivity is
given in Table I.) The amount of dopant is given in Table I.
As mentioned above, from the Raman analysis, it was
concluded that the WCP resulted in a simultaneous synthesis
of Ti–O–K and Ti–O compounds; therefore, the volumes of
the Ti–O–K and Ti–O compounds increased simultaneously.
It can be thought that the degree of corrosion increased, and
hence, the K-doped TiO2 treated with a KOH solution having
a concentration of >15mol/L (0.24% K-doped) was of poor
quality because the mass Ti–O compounds adversely affected
the conductivity. TiO2 is not a good material because of its
poor electrical property. The reason why the current decreased
by a value in the case of the sample treated with the 25mol/L
KOH (0.64% K-doped) solution for the I–V characterization
[insert in Fig. 4(a)] can be demonstrated. Therefore, the
balance between the volume of the Ti–O–K compounds and
the volume of the Ti–O compounds is an important factor
affecting the fabrication of electrical devices. The electrical
ability was dominated by the volume of the dopant when the
dopant concentration was <0:10% and by the volume of the
TiO2 phase when the dopant concentration was >0:18%.

Figure 4(b) shows the pseudo MOSFET operation with
the gate voltage (Vg) in the case of the 0.18% K-doped TiO2.
The Ion=Ioff ratio of �102 was achieved at a drain current
(Id) of 1V, indicating that the 0.18% K-doped TiO2

is a good candidate for the fabrication of nanostructured
electrical devices. When Vg was made increasingly negative,
the conductance increases. This gate dependence showed
that K-doped TiO2 has p-type proreties.11,12) This is the first
demonstration of a MOSFET that is based on a K-doped
TiO2 and has good electrical properties. Moreover, the
optimization of the K-doping concentration is expected to
improve the electrical properties.

In summary, nanostructured K-doped TiO2 was fabricated
by using a WCP and various concentrations of the KOH
solution. The structure and morphology of the product were
controlled by the volume of the doped potassium content at
various KOH concentrations. The nanotubular was synthe-
sized at a dopant concentration of <0:27%; however, at
heavy doping, the nanotubular structure disappeared. The K-
doped TiO2 exhibited a distinct electrical behavior with a
high conductivity and p-type characteristics. This electrical
behavior was governed by the volume of the dopant when
the dopant concentration was <0:10% and by the volume of
the TiO2 phase when the dopant concentration was >0:18%.
The nanostructured K-doped TiO2 is expected to have
potential for being used as applications in nanostructured
electronic devices.
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Fig. 4. (a) Current–voltage (I–V ) diagrams of 0.03, 0.10, and 0.18%

K-doped TiO2 samples. Inset is I–V diagrams of 0. % K-doped TiO2. (b) Id
vs Vg characterization of 0.18% K-doped TiO2.

Table I. Characteristics of K-doped TiO2.

Concentration

of KOH solution

(mol/L)

Potassium doping

condition in TiO2

(mass%)

Conductivity

[(��cm)�1]

1.0 0.03 2:0� 103

5.0 0.10 2:3� 103

10 0.18 1:4� 103

15 0.24 8:1� 102

20 0.27 2:0� 102

25 0.64 1:2� 102

The potassium content in the products was obtained by XRF.

S.-Y. Lee et al.Appl. Phys. Express 4 (2011) 025803

025803-3 # 2011 The Japan Society of Applied Physics

http://dx.doi.org/10.1103/PhysRevB.67.035323
http://dx.doi.org/10.1103/PhysRevB.67.035323
http://dx.doi.org/10.1088/0957-4484/19/27/275604
http://dx.doi.org/10.1111/j.1151-2916.2000.tb01337.x
http://dx.doi.org/10.1111/j.1151-2916.2000.tb01337.x
http://dx.doi.org/10.1016/j.cap.2009.06.051
http://dx.doi.org/10.1016/j.cap.2009.06.051
http://dx.doi.org/10.1016/0022-3093(89)90494-8
http://dx.doi.org/10.1021/jp0018807
http://dx.doi.org/10.1021/jp0018807
http://dx.doi.org/10.1016/j.matchemphys.2005.05.022
http://dx.doi.org/10.1016/j.matchemphys.2005.05.022
http://dx.doi.org/10.1016/S0040-6090(03)00688-6
http://dx.doi.org/10.3891/acta.chem.scand.15-0663
http://dx.doi.org/10.1021/jp0009305
http://dx.doi.org/10.1021/jp0009305
http://dx.doi.org/10.1002/adma.200400472

