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APPENDIX; Parameters used in EHMO Calculation

Atom
s P d

n -IP n -IP n -IP G J Ci c2

H 1 13.6 1.30

C(set 1) 2 21.4 1.625 2 11.4 1.625

C(set 2) 2 21.4 1.92 2 12.67 1.92

P 3 18.6 1.75 3 14.0 1.30

Pd 5 7.32 2.19 5 3.75 2.152 4 12.02 5.983 2.613 0.5535 0.6701

Here, the Hiickel constant, K is 1.75 and 235 in parameter set 1 and 2, respectively.

C2H4. In Pd-Ceo derivative type 1, two carbon sites of the 

double bond of Ceo localize electrons transferred from Pd- 

ligand.
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The electrical properties of the TiO2-x thin films prepared by thermal oxidation from titanium sheets have been 

studied. The films by water vapor oxidation are oxidized more homogeneously than those by air oxidation. The 

electrical contact to measure the electrical conductivity of the TiO2-x electrodes is improved when the electrode 

surface is plated with silver. The hysterisis of the electrical conductivity curves is improved by applying alternating 

current rather than direct current on both sides of the electrode. The observed energy gap, Ed are 0.05-0.16 and 

0.11-0.76 eV, respectively, at low and high temperatures region. These values of the TiO2-x electrode prepared by 

water vapor oxidation are similar to those of single crystal TiO2. The values of donor concentration, N°, are observed 

about 10货-1아9 and lO^-lO21 cm— respectively, at low and high temperatures region. These values obtained at high 

temperature region are consistent with the values obtained from Mott-Schottky plot.

Introduction

The electrical and photo-electrochemical properties of 

semiconductor electrodes have been studied for the purpose 

of changing the solar energy into an electrochemical ener

gy.1~35 Many semiconductor materials have been used as
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Rgure 1. Apparatus for the preparation of TiO2-x thin films 

and Ar*gas purification : No. 1) filled with Cu*tumings, No. 2) 

filled with Ti-tumings, No. 3) preheating furnace, No. 4) sample 

preparation furnace, A) temperature controller, B) rotameter, and 

C) apparatus for conductivity measurement 

photo-decomposition cells. Especially, TK》and SrTiOa have 

been investigated by many researchers,20'25 because they are 

chemically stable in electrolyte solution. Electrical properties 

of single crystal TiQ have been also studied by Grant,31 

Cronemeyer,32 Barban아，33 Breckenridge34 and Hosier.35 

Cronemeyer32 also measured an electrical conductivity of re

duced single crystal T1O2 with the variation of temperature 

and reported that the electrical conductivity depends on tem

perature as an exponential function.

Breckenridge워 and Hosier35 also reported that the electri

cal conductivity of single crystal TiQ has two different en

ergy levels at low and high temperatures region. In our pre

vious studies,30 we reported the photo-electrochemical prop

erties of the TiQ-x electrodes by thermal oxidation at low 

temperature and of the platinized TiCfe electrodes. In the 

present study, we report the electrical properties of TiO2-x 

thin films prepared by air and by water vapor oxidation at 

600-1000 t.

Ejq>eriinental

T1O2 thin films were prepared from titanium sheets (1.0 X 

1.0X0.10 cm으, Nila Co., Japan, 99.999%), which were polished 

with alumina powder by using a Jasco Model DS-701G auto

matic crystal polisher (Japan). The titanium sheets were 

etched by dipping into a solution prepared by mixing 50 

mL of HN(為 30 mL of glacial acetic acid, 30 mL of HF, 

and a few drops of Br^ The etched sheets were rinsed with 

isopropyl alcohol, and dried in an oven at 50 t for 1 hour. 

The titanium sheets were then used to form TiCfe thin films 

by air oxidation in a Sybron Thermolyne-1300 furnace kept 

at 600, 700, 800, 900, and 1000 t, respectively, for 1 min.

Figure 1 shows the apparatus used for the preparation 

of TiOz-x thin films by water vapor oxidation. The titanium 

sheets were placed on the porcelain boat in No. 4 electric 

furnace, and temperatures of furnace were kept at 600, 700, 

800, 900 t, and 1000 respectively. Cromel-Alumel ther

mocouples were used for the calibration of temperature in 

electric furnace. The TiOz-x thin films were prepared by 

flowing Ar-gas saturated with the water vapor at 25 t for

Figure 2. Triple waD chamber for measurement of electrical 

conductivity: 1) gas inlet, 2) gas outlet, 3) to voltage controller, 

4) to circuit in Figure 4, 5) plank, 6) thermocouples, 7) stainless 

steel cant 8) stainless steel, 9) sample holder in Figure 3» 10) 

water inlet, 11) water outlet

5 min (flow rate, 80 mL/min). The water vapor was the pre

heated at No. 3 furnace in Figure 1. Used Ar-gas (99.999%) 

in this study was purified by passing the CaSO4 column, 

Mg(C104)2 column, stainless steel furnace (No. 1 in Figure 

1) filled with Cu turnings kept at 300 and stainless steel 

furnace filled with Ti turnings kept at 850 °C (No. 2 in Figure 

1). The TiC板 thin films were then subjected to the atomic 

force microscopic (AFM, Park Scientific Instrument) analysis. 

The thicknesses of the films were calculated from the weight 

gain after the oxidation. Weight gains were measured by 

a L-SM semimicrobalance, with the precision of 10~6 g. 

Thicknesses of oxide Hlms were then calculated by using 

a density of TiQ of 4.23 g/cm3 with an assumption that the 

weight gain was solely due to the formation of the oxide 

film.

The TiOz-x electrodes for the measurement of electrical 

conductivity were prepared by plating the TiOz-, him surface 

with silver (area, 0.125 cm2), and the other side was polished 

titanium metal. Electrical conductivity mearurement was car

ried out with a home-building apparatus. Figure 2 and 3 

show an apparatus for measuring the electrical conductivity 

of TiOi electrodes with the variation of temperature. The 

oxygen in the chamber was eliminated by flowing purified 

Ar-gas for two hours at the flow rate of 80 mL/min. Home

building thermostat was used to control the temperature of 

the chamber. The electric heater in the chamber was covered 

with stainless steel case (the 7th part of Figure 2) in order 

to prevent the sample circumference from the thermal loss.
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Figure 3. Sample holder for electrical conductivity measurement 

of TiO2 x; 1) to Ti metal, 2) to TiO2-x film surface, 3) 난lermocou- 

pie, 4) heater, 5) asbestos, 6) stainless steel, 7) aluminum rod, 

8) spring, 9) aluminum metal.

Figure 5. AFM pictures of a) 700 (VO), b) 800 (VO), c) 900 

(VO), and d) 800 (AO), respectively. 700 (VO) and 800 (AO) indi

cate TiO—x thin film prepared by water vapor oxidation at 700 

t： and by air oxidation at 800 °C.

Hgure 4. Block diagram of circuit for electrical conductivity 

measurement of TiO2-x electrodes; S: sample(TiO2 x electrode), 

S/H: sample-holder.

The water circulation device was used to control the temper

ature when temperature is lowered (see the 11th part of 

Figure 2). The electrical contact was improved by putting 

aluminum rod on the silver-plated TiOg-x electrode.

Copper-Constantan thermocouples (0—1.4X10-3 cm) were 

located under the AI2O3 plate to measure the temperature 

between titanium metal and TiO2-x thin film. These temper

ature were recorded in the X-Y recorder by electromotive 

force unit after being corrected in the ice water (0 t). The 

electrical conductivity of the TiO2-x electrode was measured 

by using the direct current ①C) or alternating current (AC) 

with the constant current source. The current direction was 

switched by using magnetic relay and sample-holder as 

shown in Figure 4. Capacitances were measured by Hewlett- 

Packard 4205B Universal Bridge at 1 KHz in order to obtain 

flatband potentials and donor densities of TiO2-x films.

Result and Discussion

Average thicknesses of the TiO2-x thin films prepared by 

air oxidation for 1 min and by water vapor oxidation for 

5 min were calculated approximately 1990-2900 and 2000-

0.005-

Applied potential, V vs. SCE

■ a) 900(AO), ▲ b) 900(VO)

으
0-3

)
그
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욺
으
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Mott-Schottky plots of a) a TiO2 x 

air oxidation of the Ti sheet at 900 C 

J electrode prepared by water vapor 

et at 900 for 5 min.

electrode prepared 

for 1 min. and b) 

oxidation of the Ti

3500 A» respectiv이y (Table 1). The thicknesses of the TiO^x 

thin Hlms were increased with the increase of furnace tem

perature. The thicknesses of TiO2-x thin films by water vapor 

oxidation were thicker than those by air oxidation.

Figure 5 아｝ows AFM pictures of TiO2-x thin films. The 

surfaces of the films by water vapor oxidation at higher tem

perature were more homogeneous than those of lower tem-
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Table 1. Flatband potentials and donor densities obtained from 

Mott-Schottky plot for TiO— electrodes

Samples
Film 

thickness, A Vft>t vs. SCE Nd, cm-3

•600(AO) 1920 -0.96 92X1017

700(AO) 2140 一 0.98 4.4 XI俨

800(AO) 2330 —0.98 7.1 X1018

90(XAO) 2570 -0.99 8.6X1018

lOOO(AO) 2900 -1.04 52 XI어 9

*60(XVO) 2010 一 097 8.9 X1018

700(VO) 2430 -0.97 3.7 X IO19

800(VO) 2720 -1.00 5^X1019

900(VO) 3020 -LIO 62X1019

lOOCXVO) 3480 -LIO 6.9 XI 아9

Single crystal -1.08 6.5 XI 어9

叮iOi electrode prepared by air oxidation of the Ti sheet at 

600 匸 叮iOz-x electrode prepared by water vapor oxidation of 

the Ti sheet at 600 笔.

perature counterparts. The surfaces of the films by air oxida

tion also partially were given island-like recrystalization. Al

though the AFM pictures cannot explain the molecular con

figuration state of the TiOa-x tilm surface, the oxidized film 

surfaces can be compared with each other.

Flatband potentials arid donor densities of TiOz-x films 

were determined from intercepts and slopes of the Mott- 

Schottky plot29

二느 = 쁫) ⑴
where Cx is the capacitance, and j the electrical permitti

vity of vacuum and semiconductor, e the electrostatic charge, 

Nd the donor density, g the potential drop in the space 

charge (V•陰)，V the applied potential, the flatband poten

tial, k the Boltzmann constant, and T the absolute tempera

ture. Thus, the 1/CX vs, electrode potential plot allows us 

to obtain flatband potential from intercept on the potential 

axis, which would be accurate to kT/er and donor density 

from the slope. Figure 6 shows typical Mott-Schottky plots.

Table 1 lists flatband potentials and donor densities ob

tained from the Mott-Schottky analysis for TiO2-x films. As 

shown in Table 1, the values of flatband potentials and donor 

densities were given —0.96—1.08 V and 10l7-1019 cm-3, 

respectively. The results indicate that donor densities and 

flatband potentials are affected by the oxidation temperature 

of titanium sheets. Thus, the oxidation temperature appears 

to be important for the study on the properties of TiCg-x 

films.

Various methods were tried to measure the electrical con

ductivity of the TiQ—x electrodes. Figure 7 아lows the resis

tance curve for the TiCfe-x electrode 伪.to the temperature 

using the direct current. Figure 7(A) shows resistance curve 

measured when linking with silver-paste for electrical contact 

of copper wire on the T1O2-X film surface, and Figure 7(B) 

shows resistance curve measured when silver-plating. Figure 

7(a) and 7(b) also show resistance values measured while 

바e temperature was lowered and raised, respectively. As
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Ftgure 7. Electrical conductivity of 900 (VO) TiQ-x electrode 

according to the temperature. The TiC^-x surface was linked 

with silver-paste (A) and silver-plate (B).
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Figure 8. Electrical conductivity of 900 (VO) TiOz-x electrode 

with AC according to the temperature. The TiOn* electrode sur

face was plated with silver.

shown in Figure 7, resistance gap between curve (a) and 

(b) is very small in case of the silver-plated TiQ-x fiim. 

When silver-paste is used for electrical contact, resistance 

gap is slightly large because the ohmic contact of silver-paste
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. a) Heating curve, + b) Cooling curve

Rgure 9. Plots of Ina vs. (1000/T) for same data shown in figure

8.

differs from the variation of temperature.

Figure 8 shows the resistance curve measured by changing 

the direction of current (AC) between Ti and TiOz-x film. 

As shown in Figure 8, the value of resistance gap between 

(a) and (b) is more reduced than that measured by using 

DC. The energy gap(Ec£d,砌 between the conduction band 

and donor level in the semiconducter is as follows.36~37

6=I邮Nd 心％/2 explEc-%/旳 (2)

In the Eq. (2) o is electrical conductivity, Nc the effective 

density of states in the conduction band, Ec the energy at 

the bottom of the conduction band, ED the energy of donor 

level, q the electronic charge,卩 the mobility of the electron 

in TiQ—J 느 0.1 cm2/V).38 The energy gap can be obtained 

from the linear slope, when Inc against 1/T is plotted. Brec

kenridge34 reported that the electrical conductivity of re

duced single crystal TiO2 is given according to the two differ

ent lines. According to Breckenridge, Eq. (2) can be expres

sed as follows

b=K厂皿濾丁* 旷如丁 (3)

In the Eq. (3), K is 闯(Nd and Eat and E曲 are

energy gap C&) at the low and the high temperature region, 

respectively. At the low temperature region, EQE如 There

fore, Eq. (3) is written as

5=K "醐次 (4)

At the high temperature region, EKEg There, the Eq.

(3) is written as

하=瓦 迎成 (5)

According to Eq. (4) and Eq. (5), a plot of ln(a) vs. 1000/T 

should yield a straight line with a slope of E〃2k and an 

intercept of InK.

The (a) and (b) in Figure 9 indicate the In a vs. 1000/T 

plots from the electrical conductivity measured while the 

temperature was raised or lowered. These plots show the 

straight lines with two different slopes and these results 

are the same for the TiO2 x electrodes used in this study. 

The slope of low temperature ranges is due to excitation

Table 2. The values of film thickness and Ed for TiO2-x elec

trodes

Samples
flR bL

Eh, eV ‘爲，eV 位, eV 曲,eV

W(A0) 0.051 0.11 0.052 0.12

700(AO) 0.066 0.23 0.064 024

BOO(AO) 0.092 0.59 0.094 0.61

900(AO) 0.140 0.62 0.150 0.63

1000(AO) 0.150 0.71 0.160 0.73

4600(VO) 0.100 0.51 0.110 0.50

700(VO) 0.130 0.60 0.130 0.62

800(VO) 0.150 0.72 0.160 0.74

900(70) 0.160 0.73 0.170 0.75

1000(70) 0.160 0.75 0.160 0.76

Measurements were made while the temperature of TiO2 x elec

trode was raised. b Measurements were made while the temper

ature of TiQ-x electrode was lowered. "The value of Ec-Ed at 

low temperature region. rfThe value of Ec-Ed at high temperature 

region. *600(AO): TiO2 x electrode prepared by air oxidation of 

나le Ti sheet at 600 QC.，600(VO): TiO2 x electrode prepared by 

water vapor oxidation of the Ti sheet at 600

Samples

Table 3. The values of donor density for TiO2 x electrodes 

bL

Mi, cm-3 Ndh, cm-3 Na, cm"3 Ni遍 cm-3

600(AO) 432 XI아5 5.33 X1017 3.39 X1015 4.76 X1017

700(AO) 1.88 X1016 3.81 X1018 2.10 X1016 3.64 X1018

800(AO) 8.13 X1017 6.17 X1019 8.11 X1017 5.49 X1019

900(AO) 324 X1018 9.95 X1019 3.12 X1018 8.37 X1019

1000(AO) 7*29 XI아8 3.59 X1020 6.98 X1018 3.44 X1O20

600(VO) 2.92 X1016 1.77 X1018 2.84 X1016 1.68 X1018

700(VO) 4.95 X1017 2.65 X 1(严 3.77 X1017 2.63 X1019

800(VO) 6.12 X1018 8.19 X1O20 6.02 X1018 8.02 X1020

900(VO) 1.22 X1019 1.24 X1021 1.21 X1019 1.16 X1021

KXXXVO) 2.38 X1019 623 X1021 2.19 X1019 5.99 X1021

0 Measurements were made while the temperature of TiO2 x elec

trode was raised. 6 Measurements were made while the temper

ature of TiO2-x electrode was lowered.

of electron at the lowest conduction band from the first do

nor level. On the other band, the slope of high temperature 

range is primarily a result of excitation of electrons to the 

lowest conduction band from the second donor level. The 

Ed value from the slope and the donor densities, Nd, from 

the intercept can be calculated in case that p (0.1 cm2/V) 

and Nc (2.51 X1019 cm-3)37 are known. The values of Ed and 

Nd are listed in Table 2 and Table 3. As shown in Table 

2 and 3, Ed and Nd are almost the same whether the tem

perature is lowered or raised. We obtained Ed of 0.05-0.16 

eV in the low temperature region (25-140 t) and 0.11-0.76 

eV in 난】e high temperature region (150-320 t). These values 

tend to increase for the TiOi electrodes at high tempera

ture. Breckenridge34 observed a Ed of 0.1 eV in the low tem-
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b

stant temperature

Table 4. The values of B for 900(VO) TiO2-x electrode at con

Temperature, aC flR bL

25 1.62 X105 1.40 X105

50 1.05 X105 1.14 X105

100 8.18 X104 8.73 X104

125 6.62 X104 6.64 X104

150 5.38 X104 5.00 X104

175 3.80 X104 3.73 X104

200 2.95 X104 2.89 X104

225 2.51 X104 2.71 X104

250 1.90 X104 2.00 X104
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Rgure 11. Plots of o vs. (o0 —a)A for data shown in Figure 

10(a).

perature region and 0.2 eV in the high temperature from 

the electrical conductivity measurement of single crystal 

TiQ. We believe that ours and Breckenridge values are more 

consistant. In our study, the TQ-x thin films by air oxida

tion at 1000 t have properties of single crystal TiO2. Other

wise, the TiO2-x thin films by water vapor oxidation at 800- 

1000 t have properties of single crystal TiO》The values 

of Nd were 1015-1019 cm^3 in the low temperature region 

and 1017-1021 cm-3 in the high temperature. The values 

of Nd in the low temperature are similar to the value obtai

ned from the Mott-Schottky plot. These values also 

agreed to that of Breckenridge's report34 on the single crystal 

TiO2.

Figure 10 shows the electrical conductivity of the TQ—x 

electrode measured with the variation of to time at the con

stant temperature. The curve (a) and (b) indicate exponential 

function. Whitehurst40 reported the equation of the electrical 

conductivity depending on time, as follows.

a=6°+8(a,-b)/t (6)

Measurements were made while the temperature of TiO2-x elec

trode was raised. b Measurements were made while the temper

ature of TiO2-x electrode was lowered.

In the Eq. (6), is the electrical conductivity at time t, Oo 

the electrical conductivity at t=0, the electrical conductiv

ity maintained constantly equilibrium at t=a>, B a factor 

at isothermal condition which is the reciprocal number of 

the rate constant. Figure 11 shows the plot a against (cm- 

a)/t. The values of B were obtained from the slope, which 

was listed in Table 3. These values were comparatively cor

responded with those which Whitehurst40 measured for the 

single crystal TiO2 and ceramic. In our study, the B values 

for the TiO2-x electrodes by air oxidation at 1000 °C and 

by water vapor oxidation at the 800-1000 t were correspon

ded with the electrical properties of the single crystal TiO2.

Conclusion

From the results of the electrical conductivity of the TiO2 x 

thin film prepared by air oxidation and by water vapor oxi

dation, we conclude that:

1. The surfaces of TiO2-x thin films prepared by water 

vapor oxidation are more homogeneous than those by air 

oxidation.

2. The electrical contact to measure the electrical conduc

tivity of the TiQ-x films is improved when the electrode 

surfaces are plated with silver on the TiC^-x film.

3. The hysterisis of the electrical conductivity curves is 

improved by applying alternating current rather than direct 

current on both sides of the electrode.

4. The slopes of Ino vs. 1000/T plots are given two 

branches. The Ed values are 0.05-0.16 eV in the low tempera

ture region and 0.11-0.76 eV in the high temperature. Fur

thermore, the values of Ed of the TiO2-x film by water vapor 

oxidation are consistent with the values that Breckenridge34 

indicated on the single crystal TiO2.

5. The values of donor densities are 1015-1019 cm-3 in the 

low temperature and 10"-IO" cm-3 in the high temperature. 

Donor densities are affected by the oxidation temperature 

of titanum metal sheet. These values are also consistent with 

the value obtained from Mott-Schottky plot.

6. The change of electrical conductivity of the TiO2-x film 

with the variation of time at a constant temperature indicates 

the exponential function.
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