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STRUCTURAL AND PHOTOELECTROCHEMICAL PROPERTIES

OF PLASMA DEPOSITED TITANIUM DIOXIDE
Larry McClease Williams
ABSTRACT

A glow discharge was used to enhance the reaction rate
between titanium tetrachloride and oxygen to deposit thin
films of titanium dioxide. Structural, optical, electronic,
and photoelectrochemical properties of the films were
examined as functiohs of deposition parameters: temperature
(ambient to 700 degrees C), substrate material | (si,
sapphire, glass, quartz, NaCl, and'Ti), and radio frequency
power (5 to 200 watts).

Film structure was studied with x-ray diffraction, SEM,
and TEM. Films deposited onto glass substrates were
amorphous for temperatures less than 300 degrees C, anatase
at 300 and 400 degrees C, a mixture of anatase and rutile at
500 degrees C, and only rutile at 600 degrees C and abdve.
Films deposited on the other substrates showed similar
behavior, but the temperatures differed for each substrate.
The largest crystallites were obtained using low rf powers
(5 to 10 watts) and sapphire substrates.

- ESCA and AES showed chlorine present in films deposited
at 200 degrees C and below. Chlorine was undetectable in

films deposited at or above 400 degrees C. The presence of



b

chlorine in the films affected‘the electronic properties by
acting as an electron acceptor, Dielectric constants for
the films ranged from 25 to 166.

Plasma deposited titanium dioxide photoanodes were
fabricated with quantum efficiencies of 60 to 80 8 for the
photoelectrolysis of water. Depositéd anodes had higher
qguantum efficiencies than thermally grown anodes prepared in
this study. The high long - wavelength photoresponse for
the deposited films resulted from their 1large, well -
oriented grain structure, Chlorine exposure of the

deposited films during the deposition may have contributed

to the superior short - wavelength photoreSpoﬂse. This is’

supported by the observed increase in short wavelength
photoresponse for the thermally grown photoanodes after

being annealed in a chlorine - helium mixture.

Airain b fes
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1.0 INTRODUCTION

1.1 Titanium Dioxide Thin Films

Titanium dioxide has a number of unusual properties
which make ii suitable for a variety of thin film
applications (1-5,9,10,11). 1Its high optical transmittance,
high refractive index, and chemicai stability are attractive
features for optical coatings (3,4,5,10). Due to its
unusually high dielectric constant, titanium dioxide “thin
films have been investigated for  use in fabricating

capacitors in microelectronic devices (2,11). Titanium

-dioxide has also been found capable of supporting the

photoelectrolysis of water and thus has been investigated
for possible solar energy conversion schemes (6,12-23).

For the above applications, films of titanium dioxide
have been made by téchiques such as oxidation of titanium

(6,10), sputter deposition (9,49), chemical vapor deposition

.(1,3,4), and vacuum evaporation (2). These methods usually

do not offer much versatility in selecting and controlling
the properties of the f£films. For instance; oxidation
requires high temperatures and - titanium = substrates,.
Chemical vapor deposition (CVD) also requires high
temperatures to react titanium tetrachloride and oxygen.
Lower temperatures can be used if water vapor is used as the
oxidant and if an organo - titanium compound is used instead
of the halide (27,28). These feactions, however, may cause

carbon and / or hydrogen incorporation into the films which



can alter the electronic properties (29-31). Sputter -
deposition and evaporation require expensive vacuum systems
(131).

Plasma enhanced deposition offers far more freedom in
selecting deposition conditions than do the methods
indicated above. Thus, by using plasma enhanced deposition,
it should be possible to "tailor" the properties of titanium
dioxide films for specific applications. Some studies have
been performed in which titanium dioxide was deposited using
plasma enhanced deposition (7,8), but very little
information on the properties of the films has been
reported. Aé a result of this situation, the present study
was undertaken to deposit thin films of titanium dioxide by
using a plasma to kinetically enhéﬁce the reaction between
titanium tetrachloride and oxygen. The structural, optical,
electrical, and photoelectrochemical properties of plasma
'deposifed titanium dioxide were investigated as functions of

deposition parameters.

1.2 Properties Of Titanium Dioxide

The properties of titanium dioxide have been
extensively studied (24-28,32-42). General reviews of the
properties were presented by Grant (32) up to about 1959 and
by Clark (27) up to 1968. Most of the other studieé
concentrated on particular types of properties, For
instance, structural properties and phase transition

properties of titanium dioxide have been reviewed by Rao et



~al. (42); phase diagrams and .x-ray diffraction properties
(39-42) have also been published for the titanium - oxygen
»system. Electrical conductivity, dielectric constant
(24,32,33,34,37), solid junction photoelectronic prdpertieé
(35,36,38), and photoeiectrochemicai properties (12-23) have

also been reviewed.

1.2.1 Structural Properties

Titanium dioxide can exist 'in either of three
crystalline phases: brookite, 'anatase, and rutile.
Brookite, the orthorhombic form, is difficult to make and
requires the presence of sodium ions (27). Anatase can be
formed, at suitable temperatures, during the dxidatidn of
titanium compounds (27,28) or by heating amorphous titanium
dio#ide (27;28). | Both anatase and brookite are
thermodynamically less stable than the rutile modificaiion
and heating them above approximately 800 C (i.e. the C
denotes degrees C) converts them to rutiie‘,(Z?). Anatase
and rutile have tetragonal structures; the lattice
- parameters for the three phases are summarized in Table 1
along with other important properties.' Figure 1 shows the_
phase diagram for the titanium - oxygen system and Figure 2
illustrates the crystal structures for anatase and rutile,

Thin filﬁs of titanium dioxide have been deposited by a
wide variety of techniques. Structural properties of the
films aré largely determined by the 'depositioh conditions.

There have been few reports on the structural properties of



Table 1. Important Properties For Titanium Dioxide

Brookite
Density (g/cm) 4.13
Structure ortho-
rhombic
Lattice
constant (A)
a , 9.15
b 5.44
c 5.14
Refractive
Index
. Dielectric
Constant 78
Resistivity
(ohm-cm)
Electron
Mobility

(sq cm/volt sec)

Anatase

3.90

Rutile

4.27

tetragonal tetragonal

4.59
2.96

2.61
2.90

110-=117 ave.
180 c~axis
89 a=-axis

1.0 E 14

1.0

Ref.

(27)
(27)

(27)

(27)

(24)
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titanium dioxide films deposited in plasmas. However, there

have been several studies of the structural properties of

titanium dioxide £films made by CVD. One of the most

extensive studies was by Ghoshtagore et al, (88). The films

were deposited onto a variety of substrates, including

silicon and sapphire, by reacting titanium tetrachloride and

oxygen. In all cases, the films were rutile over the
temperature range of 400 to 1050 C. The maximum crystallite

dimensions for films. deposited at 700 C onto silicon

substrates was 147 nm. Epitaxial (single crystallﬂ_ﬁiﬁanium

dioxide films were obtained on sapphire substrates at
temperatures between 827 and 927 C.

Harbison (89) and Hass (10) examined the 'struétural

“p:operties.of'titanium dioxide chemical vapor deposited from

titanium tetrachloride and water vapor. Hass (10) used
glass and rocksalt substrates at deposition temperatures of
200 aﬁd 300 C. The films were amorphous for deposition
temperatures. below 280 C. After annealling -the films at
temperatures above 300 C, they became anatase, All films
deposited at 300 C were anatase; heating those £films above
900 C converted them to rutile. The same titanium dioxide
film structures were obtained for glass substrates and
rocksalt substrate. | |
Some stfuctutal information has also been reported for
titanium dioxide films deposited using water vapor and
organometallic titanium compounds (3,11,90). ~ The films.

deposited at 150 C were amorphous. These films could be



converted to anatase after annealing at 350 C, to a mixture
of anatase and rutile after annealing at 700 C, and to pure
rutile aftef annealing at 1000 C (3). Mollers et al. (91)
deposited films at 450 C and found that they were
polycrystalline with grains sizes less than 100 nm.
Yokozawa (92) obtained amorphous £films or anatase for

depositiqn temperatures ranging from 320 to 750 C.

1.2.2 Electronic And Optical Properties

Of the three,phases, rutile has probably been the most
extensiveiy studied. Rutile also has the most attractive
properties for many of the electronic and optical
applications,

Basically, titanium dioxide is a semiconductor with a
bandgap of 3.0 ev (27) and if iﬁ is undoped it can have a
resistivity of 1.0 E 14 ohm-cm (i.e. the E denotes
scientificbnotation; times 10 to the power of 145 at room
temperature. If oxygen vacancies are present, then titanium
dioxide shows n-type conductivity with electron mobilities
of 1 sq ém/volt sec for single crystal rutile and 0.1 sq
cm/volt sec for polycrystalline rutile (24). The dielectric
constant for titanium dioxide is very high and depends on
crystal orientation. Thus, single crystal rutile can have a
dielectric constant ranging from 89 to 180 (27). Table 1
summarizes some of the electronic properties for all three

crystalline forms of titanium dioxide.



1.3 Photoelectrochemistry: Basic Principles

Photoelectrochemistry involves the use of 1light to
drive or help to drive electrochemical feactions. For the
present study, the main area of interest is in dfiving the
water electrolysis reaction using a metal electrode and a
semiconductor electrode, which serves as the photoelectrode.
Titanium dioxide, an n-type semiconductor, 1is used as a
photoanode; oxygen is ~generated at its surface while
hydrogen is generated at a plétinum electrode.

The key to effecting photbelectrolysis lies in the
nature of the semiconductor - electrolyte interface. This
interface‘has‘been extensively described in the litefature
(13,20,61,63); the actual phenomeha involved are complex,
but the basic concepts can be described with an idealized
model. Figufe 3 illustrates the important interfaces for
photoelectrochemistry. When an n-type semicOnducto;' is
immersed in an electrolyte, the electrons near the solid
surface are redistributed causing the "formation of a
depletion region. This redistribution results from the
difference in the chemical potential for the semiconductor
and the electrolyte. The depletion region width continues
to grow until the chemical potentials for the two media
become equal (19,20). The Fermi energy, (the electron
chemical potential in the semiconductor), 1is lowered and
causes the conduction band and valence band to bend upward,

as shown in Figure 3. A potential barrier against further
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Semiconductor Electrolyte Junction

Semiconductor
Electrode

n-type

- +_ 1
20H™+2h* =3

0,+ H,0

hy
Hz/H>0
.23 eV
OH-/Og l
EIéCfrolyte

Metal Electrode

2H,0+2¢ =H, +20H"

XBL8I8-638I

Fig. 3. Semiconductor electrolyte junction.
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charge tfansfer is thereby forméd (20) . This junction
between thé semiconductor and the electrolyte has electronic
properties very similar to those for the Schottky barrier,
semiconductor - metal interface (13,14,19,20). In fact, the
semiconductor - electrolyte interface is often modeled as a
Schottky barrier (123-126). |
Illumination of the semiconductor - electrolyte
junction with light of energies greater than or equal to the
bandgap of the semiconductor promotes electrons from the
valence band to the conduction band. As a result of} the
.charge carrier generatioh, the Fermi level is raised thereby_
reducing the band bending and providing a driving force for
carrier transfer between the electrodes ana the electrolyte
(20) . In the ideal case, ‘the band bending under
illumination 1is sufficient to allow separégg;;wvéf the
photogenerated electon-hole pairs; 1if not, an external
?otential must be applied. The electric_fiéld, created by
thé depletion region, pushes the photogenerated holes to the
surface of the semiconductor Qhere they accept welectrons
from the hydroxide 1ions (for basic ‘electrélytes) and

generate oxygen according to the reaction:
208” + 2h* = 1/2 0, + H,O (1.)
Simultaneously, the photogenerated electrons are pushed

toward the bulk of the semiconductor, diffuse to the

backside of the semiconductor, and are transported by a wire
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to the metal electrode. At the surface of the metal
electrode, the electrons then react with the water molecules

to yield hydrogen according to the reaction:

2H,0 + 2e” = H, + 20H~ | (2.)

The net reaction is:

H20 = HZ + 1/2 02 » . (3.)

whereby the n-type semiconductor is a photoanode 'and the
metal electrode is the cathode. ideally, all of the energy
for driving the reaction can be supplied by the light.
Photoelectrodes.can~also be fabricated using p-type
semiconductors, whereby the semiconductor would serve as a
photocathode. The same basic_phenomena occur as for the
n-type anodés except the direction of movement for the
charge carriers is reversed and the semiconductor energy

bands bend downward.

1.3.1 Problems With Present Photoelectrochemical Technology

Photoelectrochemistry is a reasonably simple method by
which sunlight can be used to synthesize desired chemical
products for fuel or other applications. However, present
day photoelectrochemical technology is unsuitable for solar
energy applications because of the following problems: (a)

the semiconductors with bandgaps suitable for solar energy
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conversion - are subject to rapid corrosion during ' the
photoelectochemical procéss, (b) stable semiconductors have
bandgaps that are too large for absorbing sunlight, (c)
stable semicondugtors with reasonable bandgaps require a
large bias voltage for operation (14,18). In addition,
photoelectrochemistry suffers from many of the same problems
encountéred with other solar enery conversion processes;
i.e. the need for cheap materials and simple ‘manufacturing
methods.

Titanium dioxide is one of the semiconductors that
remains chemically stable during the . photoelectrolysis of
water, but its band gap (3.0 eV) is too large to absorb a
significant fraction of the solar spectrum, | Only

wavelengths less than about 420 nm (51) are absorbed.

. 1.4 Photoelectrochemistry: Previous Work

Photoelectrochemistry has been a topic of scientific
investigation for well over avhundred years. However, most
of the work done on photoelectrochemistry was started after
11969 when Fujishima et al. (12) showed that titanium dioxide
could sustain the photoelectrolysis of water and remain
stable, Since then, there have been numerous studies on the
photoelectrochemical properties of titanium dioxide and
other materials. Several excellent review papers (13-23)
covering the work done up to about 1980 are available.

A survey of the literature shows that large differences

exist in the experimental conditions used to measure the
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photoelectrochemical propertieé 6f titanium dioxide. Quite
often, the photoresponse is .reported as the photocurrent
density. 1In this form, the results cannot be used for
-comparison with the results of other investigators unless
the light sources are equivalent in intenéity and spectrum,
To help avoid this problem, the results should be reported
as quantum efficiencies. ' By definition, the guantum
efficiency is equal to the photocurrent density divided by
the light flux. .

Rather than present a Qeneral review of
photoelectrochemistry, only those reports that are related
to the present study are discussed. These have been divided
into the following areas: thin film titanium dioxide wused
for the pﬁétoelectrolysis of water, plasma related
deposition téchniques used for making the titanum dioxide
photoanodes, and efforts to improve the photofesponse of

titanium dioxide.

1.4.1 Thin Film Titanium Dioxide Photoanodes

Thin film titanium dioxide photoanodes have been ‘made
by a variety of techniques. All thin film photoanodes made
to date have been polycrystalline or amorphous}
consequently, the films usually have a 1lower photoresponse
than that for the single crystal anodeé° However, Fujishima
et al. (43) and Mavorides et al. (6) thermally oxidized
titanium substrates to form titanium dioxide films for

photoelectrodes and found that the polycrystalline anodes
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worked almost as well as the 'sipgle- crystal electrodes.
Other investigators have also studied the
photoelectrochemical properties of £hermally grown titanium
dioxide thin film photoanodes (44-47).

Chemical vapor deposition (CVD) has also been used in
- fabricating thin film titanium dioxide photoanodes.,: Hardee
et al. (90) deposited titanium dio*ide films onto titénium
substrates at 150 C by reacting tetra-isopropyl ortho-
titanate with water vapor. To prevent the films from
cracking, 400-500 nm was deposited and then annealéd in a
bunsen burner for 3-4 minutes. The process was subseqdently
repeated to obtain the desired filmlthickness. At the end
of the deposition process, the conduétivityv was fdfthen
incréased by a 600 C reduction in wvacuum (10 microtorr).
| Comparison of the deposited films to single crystal rutile
indicated that the photocurrent properties of the sihgle
crystal anodes were a factor of 2 to 4 times higher than the
CVD anodes. |

Mollers et al. (91) deposited titanium dioxide films
onto titanium sheet metal and onto conducting tin oxide at
450 C by air oxidation of titanium acetylacetonate. Their
films were polycrystalline with a grain size less than 0.1
micron. When illuminating the electrode from the titanium
dioxide - electrolyte interface (front side) they found that
ghe magnitude of the photocurrent in the photocurrent -
wavelength response depehded oh the thickness of the film;

as the thickness decreased, the peak current increased but
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also shifted to shorter wavelengths. However, illuminating
the electrode from the tin oxide - titanium dioxide
. interface (backside) showed no thickness variation in the
wavelength at which the photocurrent was a maximum, It
seemed that the distance the electrons had to travel to
reach the back contact was the limiting factor; as a result,
they claimed that electrons'were more readily trapped than
holes.

Stalder et al. (53) formed thin films of titanium
dioxide on titanium  substrates by decomposing titanium
tetrachloride in air at 400-500 C. The conductivity of the
films was increased by heating in argon for 40-60 minutes at
550-800 C. Using the films as photoanodes, qdantum
efficiencies of 0.5 to 0;6 were ébtained,

Polycrystalline rutile thin films were deposited by
.Takahashi et al. (60) onto titanium substrates by pyrolysis
of eﬁhyl titanate in oxygen at 400-500 C. The only
post-deposition treatment the films received was a 10 second
anneal in a bunsen burner. These photoanodes had quantum
efficiencies in the 0.7 to 0.8 fange and were comparable to

single crystal rutile photoanodes.

1.4.2 Titanium Dioxide Photoanodes Fabricated By Sputtering
And Arc Plasma Techniques

Only two studies in which titanium dioxide photoanodes
were fabricated by methods "related" to plasma enhanced

deposition have been reported. 1In one of the studies (48),
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rutiie_powder was arc-plasma sprayed onto substrates to form
thin films of rutile. The photoanodes behaved similarly to
other polycrystalline titanium dioxide electrodes. |
Soliman et al. (49) made thin film titanium dioxide
photoanodes by reactive sputter deposition using oxygen and
a titanium target. The photoanodes were polycrystalline and
had é low photoresponse. The authors stéte that.'reactive
sputtering is attractive for fabricating thin film
photoelectrodes because of the .versatility énd ease with
which the composition and electrical properties can be

varied.

1.4.3 Efforts To Improve The Photoelectrochemical Propérties
of Titanium Dioxide |
Table 2 lists some of the elements that have been adaed
to titanium dioxide in an effo;t to improve the photo-
eleétrochemical properties. The plus (+) indicates that the
phoﬁoanodes containing the added element had higher
photoresponse than the anodes containing only oxygen and
titanium, The minus (~) indicates there was no improvement
in the photoresponse for the anodes containing the added
element over that for the pure anodes. The purpose for most
of the investigations was to increase the visiblé light
sensitivity of the titanium dioxide by introducing a new
energy ievel"within the bandgap (50,52-54,58). Thus,
ideally, electrons could be excited to the new energy level

with photons of lower energy than is required for pure



Table 2.

Element

Aluminum
Beryllium
Boron
Cadmium
Chromium
Cobalt
Europium
Fluorine
Gallium
Iron
Nickel
Niobium
Strontium
Tungsten -
zZinc
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titanium dioxide. Generally,‘it was found‘.that' in cases
ﬁﬁeré‘the'speétréiﬂranée was e#tended,-the magnitude of the
quantum efficiency over the entire range was reduced
(52;55,58) or a higher bias potentialvwas reqﬁited for the
photocurrent onset (51,56,58). In instances: wheﬁe the
element addition increased the photocurrent, the most
probable explanation is that the photoanodes containing the
new element had a lower récombination rate than the pure
titanium dioxide (51,52,54,57). .This is mainly supported by‘»
~the fact that the wavelength range for the photoresponse was

unchanged by the element addition.
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1.5 Plasma Enhanced Deposition

Plasma enhanced deposition is receiving a great deal of
attention for wuse in numerous thin film applications
(63-66). The primary advantage of this techﬂique is the
ability of high energy electrons (0.5=10.0 eV) in the plasma
to break chemical bonds. 1In this way, chemical reactions
that otherwise require high temperatures to proceed at a
reasonable raté can be promoted by glow discharges at 1low
temperature (less than 300 C). Typical glow discharges‘ for
plasma déposition are generated by subjecting 'gases at
pressurés between 0.1 and 2.0 torr to large electric fields
(67). Free electrons are generaﬁed in the gas ané .are
accleratéd by the action of the electric field to very high
energies which'correspond to electron temperatures of ten
thousand to one hundred thousand K (63). Concurrently, the
gas temperature is essentially unchanged and thus the low
~ temperature gés molecules and the high temperature electrons
form a nonequilibrium mixture (66,67). Collisions between
the high energy electrons and gas molecules yield highly
reactive species of ions, free radicals, and metastables
which of course, leads to the increased reaction rates.
Since the energy for the reaction is supplied by 'electrons,
instead of by heat, almost any reaction with gaseous
reactants can be made to proceed at reasonable rates while
near ambient temperatures.

In addition to the versatility in promoting reactions,
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plasma enhanced deposition offers many other advantages.
For example, the properties of the films deposited in a
plasma depend on deposition parameters such as radio
frequency (rf) power density, gas pressure, frequency, gas
composition, and substrate temperature. As a result, the
properties of the films can be intentionally varied by

changing the deposition conditions and desired properties

- can, ideally, be "built-into" the films. some of the

materials formed by plasma deposition are reported to have
chemical and physical properties which may be unattéinable
by other depoéition techniques (68-71).

 structura1,properties of thin -films‘ show a strong
dependence on the depositioh temperature, ~Since élasma
deposition can drastically reduce the temperature deéendence
of the reaction rate, temperature becomes a free parameter
for selecting the fiim structure; amorphous films and
various polycrystalline phases can be easily obtained by
varying the'temperature. Plasma enhanced deposition also
offers the possibility of growing single crystal films at
lower temperatures than 1is required by other deposition
methods (72-75). |

Considering its ease and versatility, plasma enhanced
deposition seems to be an ideal method for depositing thin
films of titanium dioxide of suitable quality for many of
the applications discussed earlier. The 1lack of previbus
research on plasma deposited titanium dioxide indicates that

there is a need for a characterization of the process and
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the properties of the resulting films in ofder to obtain a
fuller understanding of its capabilities. The possibility
of altering the optical ana electronic properties of plasma
deposited titanium dioxide is attractive for several
applications, particularly in fabricating photoanodes.

The following goals were pursued in this study: (a) to
use a glow discharge to deposit titanium dioxide thin films
from titanium tetrachloride and oxygen; (b) to examine some
of the basic proéerties of the films such as the structurai,
electronic, and optical prdperties and how fhey relate td
.the.deposition parameters, (c) to examine the photoelectro=
chemical properties, and (d) to combine the information for
(b) and (c) and use it to gain a more complete under-
standing of plasma enhanced deposition and its potential

uses,.
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2.0 EQUIPMENT AND PROCEDURES

2.1 Deposition System

Figures 4 and 5 show the plasma deposition system
utilized in this study. The reaétor chamber is donstructed
of stainless steel and has a diameter of 25.4 cm and a
height of 38.1 cm. The electrodes, also made of stainless
-steel, are 10.2 cm in diameter with a spacing of 1.9 cm..
The reactor is fitted with a pyrex window for observation of
the plasma during deposition.

The upper‘electrode»is suspended from the top of the
reactor by three pyrex rods. As shown in Figure 5, the gas
inlet tubes are connected to the top electrode, whezeby the
titanium tetrachloride enters the'reaction zone (i.e. space
between the electrodes) through the center hole (0.635 ocm
dia) in the electrode. Simultaneously, the oxygen enters
~the reaction 2zone through four holes (0;317 cm dia)
suirounding the center hole. The lower electrode is heated
with a resistance heater (Chromalox ring heater Model
135335) and is supported by a section of 99% alumina
firebrick for thermal insulation ﬁurposes. A chromel -
alumel thermbcouple and pyfometet are used to monitor the
temperature of thé lower elecﬁrode (Figufe 5). The 1lower
electrode assembly is supported by the gas exit tube (3.8 cm
dia) which leads to a 1liquid nitrogen cold trap and a
corrosion'resistant vacuum pump (Alcatel Model 2060C). A

throttle valve (hose ciamp) on the exit 1line 1is wused to
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control the pumping speed (Figure 4).

Radio frequency (rf) power 1is applied to the top
electrode using a 0-300 watt Tegal rf generator (Model RFG
300) and matching network (Model MN300) operating at 13.56
MHz. The bottom electrode is grounded. The pressure 1is
monitored by a McLeod gauge or a capacitance manometer (MKS
Baratron Gauge Model 222A). The oxygen flow rate is
regulated with a mass flow controller (Tylan Model FC-260)
and readout box (Model RO-14). Titanium tetrachloride
(vapor,pressufe = 10ltorr at 20 C) 1is stored in a glass
flask maintained at room temperature by a water bath and is
allowed'to evaporate and enter the system asv a vapor. A
micrometering valve and rotameter are used for contrélling
‘the titanium tetrachloride flow rate (Fig. 62).

In a typical deposition, the lower electrode was heated
to the desired temperature. The substrates were §1aced on
the lower electrode, and the chamber e&acuated to a pressure
of approximately 20 mtorr. The substrates were then cleaned
of organic contaminants by striking an oxygen plasma for
£ive minutes at a pressure of 150 mtorr and the rf power
selected for the deposition. At the end of the oxygen
plasma treatment (descum), the titanium tetrachloride flow
rate and the oxygen flow rate were vset at the desired
values. Using the throttling valve, the pumping speed was
adjusted to give a system pressure of 150 mtorr. The plasma
was activated for the desired time and the samples were

removed at the end of the deposition.
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~Due to the.variousvfilﬁ properties to be measured, a
number of different substrates were used. These substrates
included glass slides, glass cover slips, quartzv plates,

~silicon wafefs (orientations were either (100) or (111)),
titanium foil (Alfa Ventron 99.7% pure), sapphire wafers
(1-102), or sodium chloride (Barnes Analytical). Before
being placed in the reaction chamber, the titanium foil was
etched in a dilute (approximately 2%) hydrofluoric acid

solution and then rinsed in deionized water.

2.2 Thickness Measurement

"For some of the glass slides, the f£film thickness was
estimated using microbalance techniques. Knowledge of the
weight'of the film, the -area;' and the density ‘allowed
calculation of the thickness. The weight measurements were
made on a microbalance (Mettler Instruments Corp. Type M5).
A density of 3.9 g/cc was uéed for these calculations.
These measurements were used only for determinaion of the
activation energy for deposition; therefore, exact thickness
measurements are unnecessary -- activation energy is based
on relative reaction rates,

Direct measurements of film thickness were also made by
masking part of a éilicon substrate with a section of glass
slide during deposition and measuring the oxide step‘ height
using an Alpha-Step profiler (Tencor Modeiv 10-00020). In
some cases, the step was made by etching a step in the

titanium dioxide using 49% hydrofluoric acid. Films
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deposited at high temperatures (400 C and above) usually

lifted-off the substrate rather than dissolved.

2.3 Film Structure Measurements

The x~-ray diffraction properties for the films were
obtained with a Picker (Model 3488) x-ray diffractometer.
The x-ray source was either copper k alpha radiation (1.54
angstroms) or iron k alpha radiation (1.94 angstroms). A
sodium iodide sensor was ‘used to detect the diffracted
x-rays. The intensity of the difffacted beam was recorded
as a function of twice the incident angle. (2 theta degrees)
on a chart recorder (137).

Transmission electron micrographs and transmission
electron diffraction'patterns were recorded on a Siemens
electron microscope usiné an acceleration voltage of 100
KevV.

_Photographs of the film surfaces were obtained with a
Hitachi scanning electron microscope (Model §S-310A). To
minimize charging, approximately 10 nm of gold or palladium
was sputtered onto the titanium dioxide with a Hummer

sputter deposition system.

2.4 Optical Property Measurements

Reflectance measurments were made on films deposited on
titanium substrates (rough surface), using a Gier-Dunkle
integrating sphere attachment on a Beckman = DK-2

spectrometer. These measurements were done by Dr. Harold
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Gurev at Optical ‘Coatings Laboratory, Inc, Santa Rosa,’
California.

In addition, transmittance was measuredb for films
deposited ohto 2 mm thick quartz plates ﬁsing‘a Perkin-Elmer .
spectrophotometer (Model 571, double beam, 1 nm bandpasé

slit),

2.5 Chemical Composition Measurements

Fiim compositions were analyzed using Auger Electron
Spectroscopy (AES), Electron Spectroscopy for_ Chemical
Analysis (EsCA), and Secohdary Ion Mass Spectroscopy (SIMS).
AES measurements were performed ‘at the Lawrence Berkeley
Laboratory; while ESCA and SIMS meaurements were made ét'the
NSF Regional Facility in Surface Analysis, UhiVersity of -

. Minnesota, Minneapolis,

2.6 Electrical Properﬁy Measurements

Electrical pfoéerties,of the films were measured using
capacitor structures, These structures used evaporated
aluminum dots (0.49 mm in radius) or a mercury probe
(Materials Development Corp. Model 754, contact radius 0.381
mm) on the titanium dioxide surface. The substrates were
silicon wafers or titanium foils, The titanium foils for
these measurements were polished to a mirror finish with 1
micron diamond paste (Mark V Laboratory, Inc).

Capacitance-voltage (CV) properties were measured with

a capacitance meter operating at 1 MHz (Boonton Electronics
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Corporation Model 71A) and a voltage ramp generator (Sample
Generator 890Al1) built by the College of Chemistry
.Electronics Shop. The CV plots were recorded on an xwy
recorder (Hewlett Packard Model 7045A). The current-voltage
properties were measured with a 'dc power supply (Sample
Generator 890A1), logarithmic picoammeter - (Keithley
Instruments Model 26000) and a digital multimeter (Keithely
Instfuments Model 179). Fiqgure 6 shows the equipment and

connections for these measurements.

2.7 Anode Fabrication

A diagram of a typical photoanode used in this study is
shown in Figure 7. After a titanium dioxide film was
deposited onto the titanium substrate, any oxide.present on
the back of the substrate was scrafched away. Electrical
contact was then made by using silyer epoxy (TRA-CON Bipax
BB 2902) to attach a wire to the back of the titanium
subsﬁrate. The substrate and wire were subsequently
attached to a section of microscope slide with insulating
epoxy (Devxon "5 Minute" Epoxy) such that only the titanium

dioxide was exposed to the electrolyte.

2.8 Photoelectrochemical Equipment

The apparatus for the electrochemical measurements is
illustrated in Figure 8. The electrochemical cell was an
ultraviolet - absorbing polyacrylic (Polycast Technology

Corporation) box with 1.25 cm thick walls., The box was
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fitted with a quartz .window (0.32 cm thick) to allow
ultraviolet 1light ¢to enter, In all experiments, the
electrolyte was a 1 N sodium hydroxide solution made from
reagent grade sodium hydroxide and deionized water (17
megohm-cm), A saturated calomel reference electrode was
located approximately 2 cm in front of the top edge of the
semiconductor electrode. The photoelectrode was 4 cm from
the quartz window, and the counterelectrode was a piece of
shiny platinum foil (6.5 square cm) . During the
experiments, nitrogen was bubbled through the electrolyte to
exclude air and the electfolyte was stirred with a teflon
coated stirring bar.

The anode potential was controlled with a potentiostat
and function generator (PAR Model 173 and Model 175
respectively) while the current was measured with a current
follower (PAR Model 176). The output data were recorded on
an x-y recorder (HP Model 7045A) or were read directly into
a computer (Commodore PET 2001).

The light source was.a 200 watt mercury arc lamp (Oriel
Corporation Model 8510-4 power supply and Model 6137
housing) focused with a F/1.0 fused silica lens. A grating
monochromator (OrielvModel 7240 housing and 7270 grating)
with 1 nm bandpass slits was used with a wavelength scanning
drive (100 nm/minute) to obtain the photocurrent- wavelength
plots and lamp spectrum, The light flux from the iamp was
measured with a radiometer (Optronics Laboratory, Inc Model

730A). A typical lamp spectrum is given in the Appendix.



35

'3.0 RESULTS AND DISCUSSION
3.1 Deposition Rate and Kinetics

Appreciable reaction rates between titanium
tetrachloride and oxygen can be obtained only at
temperatures greater than about 600 C (76). Commercial
titanium dioxide is produced at temperétures of 650-750 C by
reacting titanium tetrachloride and oxygen (77,78).  The
activation energy for gas phase formation' of titanium
dioxide is reported to be 0.79 eV/atom (76). For films made -
by chemical wvapor deposition, the activation energy is
reported to be 0.78 eV/atom (79).

gn Arrhenius plot for titanium dioxide films made by
plasma enhanced déposition is given in Figure 9. The
depositions were carried-out at 10 watts rf power, with a
one to one flow ratio of titanium tetrachloride to oxygen,
and with glass substrates. The deposition rate was
determined by measurement of the film mass., A least squares
fit of the data gave an activation energy of 0.12 ev/atom,
The reduction in activation energy, brought about by using a
plasma, allows higher deposition rates at lower
temperatures, |

According to Ghoshtagore (79), chemical vapor
deposition of‘tiianiumvdioxide proceeds by the Rideal-Eley
mechanism; aasorbed .atomic oxygen reacts with impinging

titanium tetrachloride molecules from the gas phase. The
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high energy electrons present in a plasma enhance the
reaction by generating more atomic oxygen and/or by
decomposing the titanium tetrachloride into lower chlorides.
Under the conditions used in this study, deposition did not
occur, even at 600 C, unless a plasma was ignited. With a
plasma, the deposition rate, of course, depended on all
plasma deposition parameters (rf power, temperature, gas
flow rates, etc). 1In general, the rate was usually between
100 and 3000 angstroms per minute. |

The dependence of the deposition rate on the titanium
tetrachloride flow rate is given in Figure 10. The de-
position temperature was 600 C, and the oxygen flow rate was
45 micromoles per minute (1 sccm) for all cases. Figufe 11
shows the oxygen flow réte dependence of thé deposition rate
for a temperature of 300 C and titanium tetrachloride flow
rate of 60 micromoles per minute.

The dependence of deposition rate on rf power level is
shown ﬂin Figure 12. The titanium dioxide films were
deposited at 600 C, 150 mtorr, 45 micromoles of titanium
tetrachloride per minute, and 360 micromoles of oxygen per
minute (8 sccm). For those conditions, the deposition rate
decreased as the rf power was raised from 5 to 200 watts
(0.06 to 2.47 watts per squaré cm) .,

Changes in rf power input can cause numerous changes in
a plasma deposition process and alter the deposition rate.
_For instance, the average electron energy is proportional to

the plasma power (63); the electron energy is determined by
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the local field (V/cm) and by the collision frequency (63).
Ideally, a higher rf power density should give a highér
deposition rate due to the increase in electron energy.
However, if the présence of the higher energy electrons
changes the reaction mechanism or enhances some of the
competing reactions or phenomena (i.e. sputtering,
desorption), the deposition rate would decrease as the rf
power is raised, The increase in rf power also increases
the energy of the ions bombarding the surface. At the
higher power densities, competition between deposition and
sputtering probably occurs, thus reducing the deposition
rate. Evidence for enhanced ion bombardment is presented in

Section 3.3.4.1, Film Structure,
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3.2 Film Composition

The chemical composition of a material plays an
important role in establishing the material's electronic
properties, Since plasma enhanced reactions can yield
products with compositions unattainable by other methods,
determining the composition of the plasma deposited titanium
dioxide films has been an important area of interest
throughout this study. In order to determine the film
composition, some of the films were analyzed by Auger
electron spectroscopy (AES), electron spectroscopy for
chemical analysis (ESCA) , and secondary ion mass
spectroscopy (SIMS). |
| Detailed descriptions of the techniques can be found in
the literature (80-83). In AES, a beam .of electrons is
impinged upon the surface to be analyzed. As a result,
electrons are ejected from the surface atoms thus creating
vacancies into which other bound electrons can fall. The
electrons dropping into thé vacancies release energy which
is then absorbed by other eiectrons. If the energy is high
énough, then the electron can be ejected into vacuum. This
electron is called the Auger electron. The energy of the
Auger electron is a‘ characteristic of the element that
ejected the electron; by analyzing the energy, the element
can be identified (82). ESCA involves using x-rays to eject
electrons from the atoms in the material into vacuum, The

kinetic energy of the electron is measured and related to
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the element that emitted the ' electron (81,82). For SIMS
analysis, a beam of high energy argon ions is used to eject
atoms, molecules, and other species from the surface. The

ejected particles are then analyzed with a mass spectrometer

(82) .

3.2.1 Auger Electron Spectroscopy

Figure 13-1 shows an Auger ‘electton spectrum for a
titanium dioxide film deposited ohto a éilicon substrate at
200 C. The spectrum shows peaks for C1, C, Ti, and O at
electron energies of 181, 271, 380, and 510 eV resPectively
(83). The carbon is a contaminant picked up from
atmospheric exposure after the deposition; the chloriﬁe is
incorporaﬁed du;ing the depositiéﬁ.' A section of that
sample was annealed in a furnace at 400 C for' 20 minutes
with an oxygen flow of 100 cc/min. The Auger spéctrum after
the heat treatment (Figure 13-2) shows a large size
reduction for the carbon peak and the chlorihe peak. The
carbon was probably oxidized to carbon monoxide and dioxide
while the chlorine, appafently being only weakly bound, was
thermally driven off. Another film deposited under the same
conditioné described above was examined, and the results are
given in Figure 14-1. As before, the chlorine peak was
present in the as deposited film, However, after annealing
a section of the film at a higher temperéture; 600 C rather

than 400 C, in oxygen for 30 minutes, the chlorine peak |is

completely removed from the Auger spectrum, Figure 14-2,



44

Dep 200°C

Dep. zoo°c°
Anneal 400 C

lLO

M |
o 200

1 1

800 1000

L 1
400 600 -
ELECTRON ENERGY (eV)

XBL 828-6296

Fig. 13. AES spectra for titanium dioxide plasma deposited

~at 200 C on silicon: 1. as-deposited, 2. after annealed at
- 400 C in oxygen for 20 min.
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Fig. 14. AES spectra for titanium dioxide plasma deposited
at 200 C on silicon: 1. as-deposited, 2. after annealed at
600 C in oxygen for 30 min.



46

The amount of carbon is also reduced.

When the titanium dioxide films were deposited at 400
C, with the other deposition parameters held constant, the
chlorine peak is absent from the Auger spectrum as shown in
Figure 15-1. Annealing the film in oxygen for 30 minutes at
600 C left the Auger spectrum of the film unchanged (Figure
15~-2) except for a decrease in the amonnt.of carbon.

Atomic concentrations of titanium, oxygen, and chlorine
were also calculated using the AES data. - The highest
concentrations of chlorine were appproximately 2 to 3 atomic
per cent. On the basis of the chlorine concentrations, the
films deposited at 200 C, and then annealed at 600 C were
equivalent to the films deposited at 400 C and higher; No
chlorine was detectable by AES in films deposited at high
temperatures (400 C and higher) or in any film that had been
’anneéled at 600 C.

The peak to peak ratios of oxygen to titanium for the
AES measurements are summarized in Table 3. The ratios
range from 1.23 up to 1.47 and generally, the high
temperature oxygen anneal causes an increase in the ratio,
Based on the structural properties (see Section 3.3), the
films deposited at 200 C are amorphous and become at least
patﬁially crystalline after the 600 C anneal. The 400 C
deposition is a mixture of anatase and rutile,

Chung et al. (84) used AES to examine the (100) and
(110) surfaces of rutile and found oxygen to titanium ratios

ranging from 1.3 to 1.7. Armstrong and Quinn (85) found the
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Fig. 15. AES spectra for titanium dioxide plasma deposited
at 400 C on silicon: 1. as-deposited, 2. after annealed at
600 C in oxygen for 30 min. _
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Table 3. Surface Composition From Auger Electron
Spectroscopy

Deposition Temp. Anneal Temp. Oxygen to Titanium Ratio
(C) (<) '
200 ——- 1.33
200 400 1.26
200 - 1.23
400 600 1.47
400 : —-— 1.24

400 | - 1.28
400 v 600 1.30
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ratio to be about 1.65 for anodically grownititanium oxides.
Both investigators reported that high energy electron and
ion beams 'selectibely remove oxygen from the titanium
dioxide surface. Chung et al. further.state that electron
‘beams of 1.6 kV, usually used for AES, tend to disorder the
surface. In the present study, the electron beam energy was
2 kv. This could partially explain the 1lower .oxygen to
titanium ratios measured for this study. However, the' fact
that the ratio is not constant for all the depositions and
heat treatments is proof that the electron beam damage does
not completely mask the differences in film composition. It
is probable that the chlorine is also preferentially removed
and thus is present.in the film at a higher concenttation
than was measured. | |

According to Chung et al. (84), argon ion bombardment
of the titanium diqxide surface gave the 1lowest oxygen to
titanium ratio while oxygen ion bombardmeﬁt did not change
the surface. During the plasma enhanced depbsition of the
titanium dioxide, the surface is continuously bombarded by a
mixture of ions -- oxygen ions, chlorine ions, titanium
chloride ions and also electrons. This ion bombardment
probably plays a large and very 'complicated role in
determining the exact film composition.

Figure 16 shows the concentration profiles of films
'déposited‘at 200 C and 400 C. The.atomic concentrations of
oxygen, titanium, and silicon were recorded at intervals

during the sputtering process. 1In both cases, except for
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Fig. 16. AES composition ptofile titanium dioxide deposited
on silicon: 1. deposited at 200 C, 2. deposited at 400 C.
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minor variations near the surfaée, the oxygen and titanium
concentrations are constant throughout the films, It 1is
also interesting that the films are similar in thickness
(135 nm for the 200 C case and 150 nm for the 400 C case)
yet the sputtering time required to reach the éilicon
substrate for the 400 C deposit is more than ﬁwice that for
the 200 C deposit. Apparently, the 200 .C:- deposit, being
amorphous, is much easier to sputter than thé

polycrystalline 400 C deposit.

3.2.2 Secondary Ion Mass Spectroscopy Profiles

SIMS measurements were performed on a titanium dioxide
film deposited onto a titanium substrate at 200 C.l The
profile data, shown in Figure 17, are analogdus to the AES
results, Again, with the exception of thé near surface
region, the titanium concentrations are constant throughout
the film. Carbon and chlorine are also shown to be present,
Unlike the AES results, the SIMS data indicate the presence
of an additional element with a mass té charge ratio of 56.
The element is probably iroh. It is either incorporated from
the walls of the reactor during the depositidn of from. the
substrate., The substrate is a good possiblity since it was
only 99.7% titanium, |

A SIMS profile was also recorded for a titanium dioxide
film thermally grown by oxidizing a titanium substrate in
‘oxygen at 700 C for 30 minutes followed by a 30 minute

reduction at 600 C in a mixture of 10% hydrogen and 90%
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Fig. 17. SIMS composition profile: titanium dioxide
"deposited onto titanium at 200 C.
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helium. The SIMS profile, shown in Figure 18, 1is very
similar to ‘that for the deposited film. Again, iron,

apparently arising from the substrate, is present.

3.2.3 Electron Spectroscopy for Chemical Analysis

ESCA measurements were made for titaniumvdioxide films
deposited onto titanium substrates at:200,,400,- and- 600 C.
and the thermally grown film described = above. Figure 19
‘shows a typicalvESCA specttum for a film deposited at 600 C.
The ESCA results support .the data given by the other
techniques, According to the ESCA'results; the aﬁount Qf
iron present in the films was very small. And like the. AESY
results, trace levels of chlorine were detected in the:films
‘depqsited”at'zoo and 400 C, but none could be found in the

films deposited at 600 C.
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Fig. 19. ESCA spectrum for titanium diokide deposited onto}
titanium at 600. :
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3.3 Film Structure

3.3.1 Glass Substrates

Thin films of titanium dioxide were deposited onto
glass substrates for x-ray diffraction analysis. The x-ray
diffraétometer described in Section 2 provided diffraction
patterns using Fe K alpha radiation. 1In all cases the peaks
occurring in the diffraction patterns can be assigned to
either anatase or rutile, o

| Figure 20 shows x-ray diffraction results for five
films deposited at 150 mtorr and ten watts rf power at
different temperatures. The film deposited at 200 C gives
no diffraction peaks, thus indicating an amorphous state or
the presence of very small crystallites. For the
depositions at 300 and 400 C, all of the peaks can be
attributed to the anatase phase; the observed peak
intensities are greater fot the 400 C film. The diffraction
pattern for the 500 C deposition conﬁaiﬁs peaks for both the
anatase and rutile modifications, whereas, in the 600 C
deposition only the rutilé phase occurs.

Several films were also annealed in oxygen at
temperatures higher than their deposition temperatures in
order to determine possible changes in the x-ray diffraction
propertiés. Figure 21 contains the results for three films
deposited at 200 C. As expected, no diffraction peaks are
observed for the film without subsequent heat treatment,

Annealing one of the films at 400 C in oxygen for 20 minutes
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Fig. 20. X-ray diffraction spectra: titanium
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dioxide
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Fig. 21. X-ray diffraction spectra: titanium dioxide
deposited at 200 C then annealed (Fe k alpha radiation).
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also gave no indication of «crystal structure. After

}annealing the third film at 600 C in oxygen for 30 minutes,
the film gives a diffraction pattern indicating futile;
however, one anatase peak also occurs.

Two films were also deposited at 400 c. After
annealing one of the films at 600 C in oxygen for 30
minutes, the diffraction pattern is essentially unchanged as
is shown in Figure 22. |

In x-ray diffractioﬁ patterns, p;eferred orientatiohs
are indicated if' the relative intensities of several
reflections deviate from the ratios found in randomly
oriented. powder samples (131). Tables 4 and 5 contain the
relative intensity data for randomly oriented anatase and
rutile from thé JCPDS File (132) along with relative
intensity data for deposited anaﬁase films (300 and 400 C)
‘and a rutile film (600 C). In all three cases, the

deposited films differ from the random orientation cases.

3.3.2 Sodium Chloride Substrates

In order to obtain samples for transmission electron
microscopy, several films were deposited onto sodium
chloride substrates. These substrates were chosen because
the sodium chloride can be easily removed by immersion in
water, thereby releasing the film for transmission electron
- microscopy. The main purpose for the TEM studies was to
observe crystallite sizes and, particularly, to determine if

the low temperature depositions (200 C) were amorphous or
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Pig. 22. X-ray diffraction spectra: titanium dioxide
deposited at 400 C then annealed (Fe k alpha radiation).
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d (a)

3.52

2.431
2.378
2.332
1.892
1.699
1.666
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Preferred Orientation'InJPlasma-Deposited Anatase

Relative Intensity Relative Intensity -

‘Random Anatase Plasma Deposited Anatase
Crystallites (132) 300 C 400 C

100 _ 94 100

10 100 - R

20 20

10 - _ -

35 ‘ o 22

20 31 :

20 - 94
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Table 5. Preferred Orientation In Plasma Deposited Rutile

d (a)

3.25

2.487
2.293
2.188
2.054
1.687
1.624

Relative Intensity
Random Rutile
Crystallites (132)

100
50
8
25
10
60
20

Relative Intensity
Plasma Deposited Rutile
600 C

100
5

5
4
27
12
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possessed very small crystallites,

Transmission electron micrographs and = diffraction
patterns for films deposited at 300, 400, 600, and 700 C are
shown in Figures 23-26. The film deposited at 300 C, Figure
23, has a diffraction pattern -that indicates it is
amorphous. The micrograph shows the presence of circular
structures, approximately 200 nm in diameter, but they are
. not individual crystallites,

For a deposition temperatﬁre of 400 C, thé electron
diffraction pattern has rings indicating a polycrystalline
structure. The d 'spacing for some of the rings were
calculated (see Appendix £or details) and used in an attempt
to identify the phase present, The information is
summarized in Table 6. Unfértunately, either the 4 wvalues
that could be determined could be attributable to both
anatase and rutile, or the d spécingé were below the range
reported in the " Powder Diffraction File"™ (132) .. The
crystallites for the 400 C deposition can»easily be seen in
Figure 24. Typical crystalite dimensions were in the range
of 30 to 50 nm.

A ring pattern was also observed for films deposited at
600 C, (Figure 25). However, in this case the rings were
broken into arcs thus indicating preferred orientations
(86). Based on the d spacing calculations, both the anatase
phase and the rutile phase are present at this temperature,
Table 6. Many of the crystallites have dimensions in the 80

to 100 nm range.
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Fig. 23. TED (top) and TEM (bottom): titanium dioxide
deposited at 300 C. '
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Fig. 24. TED (top) and TEM (bottom): titanium dioxide
deposited at 400 C. ' _
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Fig. 25. TED (top) and TEM (bottom): titanium dioxide
deposited at 600 C. '
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Fig. 26. TED (top) and TEM (bottom): titanium dioxide
deposited at 700 C. ‘
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Table 6. Transmission Electron Diffraction Data

Sodium Chloride Substrates (single crystal)
Camera constant = 1.707 angstrom-cm

d (A) Calculated From TED ‘Anatase d (A) Rutile 4 (&)

Plasma Deposited Films Ref., (132) Ref.

(132) : : '

400 C'-
1.72 S 1.70 .. 1.69
1.20 - ' 1.25 ' ' 1.20
0.96 | )
0.85

600 C .
3.19 S S 3.25
2.40 ' : 2.38 R 2.29
1.80 | 1.89 |
1.42 : - 1.36 o 1.42
1.19 . . 1.25 ‘ 1.20
1.05 . .

700 C . . : :
1.67 1.67 : ‘ 1.69
1.39 1.36 1.36

1.20 | 1.25 , 1.20
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The diffraction pattern for the film deposited at 700
C, Figure 26,Ashows.more of a spot pattern. This indicates
that the crystallites are more closely aligned than 'ih the
previousrfilms‘(BG). Some of thevlafger cfystallites have
dimensions of about 250 to 300 nm. Again, the calculated 4
spacing values could be due to anatase or rutile. The Cfilm
is probably a mixture of the two phases,

X-ray dlffractlon measurements were also made on some
of the fllms dep051ted 'onto NaCl - The tltanlum dioxide
films deposited onto NaCl cracked and peeled after cooling
to room temperature (ThlS is belleved to be the result of
the dlfferences in the thermal : - expansion coefficients: 41

E-6 per degree C for sodium chloride (70), 9.2 E-6 per
| degree C for tltanlum d10x1de (32).) To get around this
problem,'a piece of Scotch tape was appl1ed to the titanium
dioxide film immediately after it cooled. The sodium
chloride was subsequently ldissolved away. - The tape .and'
titanium dloxlde were~~ then ~placed. in the =x-ray
‘dlffractometer w1th the tltanlum ledee fac1ng up.

Generally, the x-ray diffraction results gave the same
~information, in terms of identifying the phases, as the
"electron diffrectiqn._“hx;iay: fdif%ﬁ;otionJ.';ésults for
deposits made at 300 and 400 C are given in Figure 27. The
300 C deposition did not give any diffraction peaks,
suggesting an amorphous structure. The film deposited at

400 C.apparently contained anatase and no rutile,.
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Fig. 27. X-ray diffraction spectra: titanium dioxide
deposited onto NaCl (Cu k alpha radiation).
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3.3.3 Silicon Substrates

There are two very important 'differences between the
structural properties of the films deposited onto silicon
substrates ((111) orientation) and those deposited onto
glass substrates. As can be seen in Figure 28, strong
anatase and rutile peaks are present in  the x-ray
diffractiou_ patterns for the 400 C deposition. Such
behavior was not observed for the films dep051ted onto glass
untll the dep051t10n temperature was ralsed to 500. C. In
addlt}on, the anatase~rutile mixture contlnues to ‘exist at
600:C while'only rutile occurs when glass substrates are
used. These obeervations indicate thatf;silicon. aubétrates
probably have?seme nucleation_%itea‘tuat,are,uere fauerable
(hréherfin.energy) for rutile formation than does glass at
similar tehperatures. Tﬁe fact that there is still a
mixture of theftWO phaseseen silicon substrates at higher
temperatures than for glass sudgest that the active site
(nucleatlon 51te) energles for 5111con are 1n1t1ally hlgher
but increase more slowly w1th temperature than for glass.

‘SEMtphotograghs of the four films dep051ted on silicon
are giQeﬁ fiéure 29. The film in Figure 29-A was deposited
at 200 C. It is smoqth‘ crackfree, and shows no 51gns »of
erQatal structure. figure 29-B, for a film dep051ted ‘at 400
C, shows the presence of crystallites with dimensions of
approximately 400 nm, The size distribution appears
uniform, whereas, the crystallites in Figure 29-C have a

bimodal distribution. The larger crystals (dimensions of
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Fig. , 28. X-ray diffraction spectrai “titanium dioxide
deposited onto silicon (Cu k alpha radiation).



. Fig. 29. SEM of titanium dioxide deposited onto silicon at:
A, 200 ¢, B. 400 C, C. 600 C, D. 700 C.
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800 nm) are probably anatase and the smaller crystals
(dimensions of about 250 nm) are probably rutile, This
behavior agrees with the x~ray diffraction results (Figure
28). For the 700 C deposit, Figure 29-D, the crystallite-
distribution is homogenous and is probably only rutile

(dimensions of about 700 nm).

3.3.4 Sapphire Substrates

The structurel propertiee ef £itaniuﬁ dioxide films
deposited onto sihgle crystal sapphire substrates ((1-102)
orientation) 'Were examined. The | x-rey diffraction
propertiee ére mefe difficult to interpret than for the
other substrates gecause the films show a higher‘ degree of
preferred orientation. The preferred orientation results in
fewer titanium . aioxide peaks,. - thus . -the . problem of
identifying which phases are éresent is  compounded. - In
addition, the eapphire substrate has a diffraetion_peak for
d=3.52 angstroms (25.3 degrees for Cu k alpha radiation)
whlch overlaps a dlffractlon peak for anatase

Overall, the x-ray dlffractlon propertles' of ctitanium
dioxide deposited on sapphlre show the same trends as do the
other substrates., Some of the x-ray diffraction properties
for films depoeieed at three different temperatures are
given in Figure 30. The film deposjted at 300 C contains
only enatése crystallites; all of the peaks can be
attributed to anatase or to the sapphire substrate. For the

films deposited at 400 C and 600 C, one can only say that
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Fig. _31., SEMiof titanium dioxide deposited onto sapphire at:
A. 300 C, B. 400 Cc, C. 600 C, D. 700 C.
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there is some rutile in  both and the 600 C case has a much

larger amount of rutile. The peak “at  70.5 degrees (1.33

.~ angstroms) for the 400 C case and the peak at 69.3 degrees

(1.37 angstroms) for the 600 C case can be caused by either

~ anatase or rutile. However, in view of the growth behav1or

of the phases (Section 1.2.1) it is reasonable to a551gn the
peak at 70. 5 degrees (400 c deposxt to anatase and the peak
at 69.3 degrees (600 C dep051t) to rutile,

'SEM photographs for the three films discussed above are
shown in Figure 31. The film»deposited at 300 C, Figure
31-A, is probably a. mixture‘ of anatase crystallites and
amorphous titanium dioxide. As expected, the crystallite
size for the film deposited at 400_C, Figure 31-B;'is larger
than that for the 300 C case. Figure 31-C shows the
crystallites for the film deposited at 600 C to be smaller
than for the 400 C case. This change in crystaliite size
with temperature indicates that the dominant crystalline
phase is different_forithe two cases. The Qrimary fo:mv
present at 400 C is anatase while rutile is the main
componient for depositions made at 600 C. These observations
also support the 1nterpretations given above for the x-ray
diffraction results. Figure 31-D shows a film deposited at
700 C. The crystallites for the 700 C film are larger than
those for the 600 C deposition and:hoth are believed to be
rutiie. The preferred orientation for the 700 C. deposition
can easily be seen in figure 31-D. | |

In order to learn more about the structure of films
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'gfown in the temperature range wherein the deposition
" conditions change from favoringvanatase to favoring futile,
two films were deposited at 455 C and 510 C. The SEM
photographs of the two films are -shown in Figure 32.
Apparently, the change from larger crystallites to small
crystallites is a gradual process rather than a sharp
transition. The larger crystallites at 400 and‘ 455 C are
anatase, and they decrease in size as the deposition

temperature is raised. Also, at higher deposition

temperatures_(SlO and 600 C), rutile o;ystallites begin to
appear. Though they are initially small, they grow' to
‘larger sizes as the deposition temperature is rasied.

A qualitative explanation of the growth ‘behavior
observed here can be derived from thin film nucleation and
growth therories (93,131,133). It is generally accepted
that thin films begin to form on surfaces at nucleation
sites (93,131,133). The energy of the nucleation sites is a
function of temperature, and different types of sites may
have different energies. The density of sites is vinversely
proportional to the site energy (i33). Thermodynamically,
the rutile form of titanium dioxide is the most stable form,
The fact that it does not begin to form except at higher
temperatures implies that it has a higher activation energy
for formation than_does anatase. During the early stages of
film gtowth, the nucleation sites serve the same ‘functions

as the active sites used in describing heterogenous

reactions (134); they reduce the activation energy for the
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Fig. 32. SEM of titanium ledee depos1ted onto sapphlre at:
A. 455 C, B. 510 C
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Fig 32
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‘'reaction. Thus the growth of rutile crysta}lites, requires
Very high energy nucleation sites (i;e. highltemperature).,
Af depositioh témpératures arouﬁd 400 C, the energies
of the nucleation sites are ,insufficient to ‘élloﬁ _rutile
cfystallites to form, .However, anétase can be nucleated and
cah easily grow‘by‘coaleédehce into the largé crystallites
shown in the SEM bﬁoﬁdgiaphs.ueHigher temperatures increase
tﬁe'site ene;gieé, but the”host energetic sites begin to
form ruﬁilé'crystaliites.. The surface becomes covered with
a mixture of both crystaliihe‘vphases. This leadsl to. a
reduction in avefage cfystallité éizé_begaﬁse coalesence éf
:cr§stallités from different‘ phases is  probably more
difficult (93). The'aﬁataée érystallites.are larger but can
not "absbrb".the rﬁtile.crYStallites becauéé of the higher
Lthermodynémié siability: of | the rutile. The rutile
crystallites are_unable to Qabsofb" the anatase crystailites
Sécaﬁse the anétase crysgélliteé ége too large. (Note: ‘the
term "absorb" isvusedvto denote which pﬁase and ofientaﬁion
results after the éoalesence), At 600 C either all the
nucleated.' crystaliites‘ are rutile or the anatase
crysfalliteéwa}e abéorbgd by the.rutile.v The result is the
same for both ﬁossibilities; ohly the rutile phase occurs at

600 C and higher.

‘3.3.4.1 RF Power

The applied radio frequency power has a ‘large effect on

the structural properties of the blasma ‘deposited films,
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Figure 33 shows some of tbe X-ray diffraction properties for
four titanium dioxide films fdeposited onto sappbire
substrates at 600 C and rf.powers of 5, 10, 100, and 200
watts (0.06, 0.12, 1.2, and 2.4 watts per  square
cemtimeter). The diffraction peaks at 25.5, 52.5, and 82?5
degrees are caused by the sapphire substrate,' The remaining
peaks at 36.4, 39.3, and 76.5 degrees-are.believed to be due
to rutile. The most significant effect of the rf power is
the cbange in'actual peak.intensity in counts per second.
jThe.intensities for all ‘of .the. titaniun d10x1de. peaks
decreased as the'rf power input was 1ncreased Similar
observatlons have been reported by Wroge (70) for PED iron
and .1ron ox1des _He attrlbuted the reduction.‘ in
crystalllnlty to radlatlon damage caused by ion bombardment
This is a reasonable explanatlon for the PED tltanlum ox1des
since the hlgher rf power levels correspond to power
den51t1es often used for sputterlng systems (65)
leferences in the structural propertles can eas1ly. be
seen in the SEM photographs of f1lms dep051ted at 5, 100,
and 200 watts, Figure 34. The fllm bin Figure 34-A was
dep051ted at 5 watts and has crystailites‘with dimensions of
about 300_nm. By-comparison; the films deposited at 100 and
200 watts do not have distinct crystalline features as shown

in Figures 34-B and C.

3.3.4.2 Efforts to Enhance Crystallite Size.

The largest crystallites observed were for depositions
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Fig. 33. X-ray diffraction spectra: titanium dioxide
deposited onto sapphire: rf power series (Cu k alpha rad.).
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Fig. 34. SEM of titanium dioxide deposited onto sapphire: rf
power series: A. 5 watts, B. 100 watts, C. and D. 200 watts.
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made at about 400 C. 1In view of this fact, a series of
depositions was carried out with the intention of finding
the maximum crystallite dimensions possible aﬁd thus the
best deposition conditions for this purpose. 'The best
possible result would be to obtain single crystal films,
Heteroepitaxial deposition of titanium dioxide for the
temperature range .used in this study would be a very
significant accomplishment (to the author's knowledge, the
lowest temperature reported for heteroepitaxial deposition
of titanium dioxide is 827 C (88)). 1In addition, the films
deposited at 400 C are. anatase, and there have been no
reports of deéositing single crystal anatase films, This
may be dﬁe to the fact that, at the temperatures required
for epitaxial film growth by CVD,‘the anatase modification
is not thermodYnamically'favored.

The series inVolved.changing the gas flows to modify
the deposition rate and changing the rf power " levels for
deposition and for the oxygen plasma descum, Table 12
(Appendix) summarizes the experimentai conditions. Most of
the trials produced little, if any, improvement in the grain
si;e. However, there were significant improvements in grain
size for two sets of conditions. The gas flow raﬁes and rf
powers were the same for both céses: 40 micromoles of
titanium tetracﬁloride per minute, 45 micromoles of oxygen
per minute, and 5 watts., Also, for the first case, the gas
flow was not throttled to increase the .pressure. Instead,

helium was bled into the system to bring the pressure up to
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150 mtorr. The exit line was throttled for the second case
to raise the pressure. The improvement in film propérties
for these two depositions is believed to be due to the low
rf power (5 watts instead of 10 watts) and the lower oxygen
flow rate (1.0 sccm instead of 8.0 sccmj.

SEM photographs of the surfacé for the film deposited
using the helium bleed stream are given in Figure. 35.  The
surface was not completely uniform, Some of the areas 1look
iike Figure 35-A and have large crystalé and a lot 'of the
smaller diambnd shaped crystallites, In otﬁér regions,
iike_thqse_sbqwnkin Figure 35-BL there are fewer of the
diamond shapesﬂandimoréﬁbf, the lérger'HCrystgllites. The
surface structure f0r'theithrottledJCasevis shown. in Fighre‘

35-C and follows the same type of behavior.

3.3.5 Titanium Substrates

Structural properties of plasma. deposited titaﬁium
dioxide on titanium substrates are important in determining
and explaining photoanode performance. Substrates used to
measure the structural properties wére the same as those
used in fabricating- the photoanodes -- polycrystalline
titanium foil (grain sizes 15-20 microns in diameter) etched
~in ~ hydrofluoric acid. Siﬁce the substrate. was
polycrystalline, many of the titanium diffraction péaks
appeared in the X-ray diffractidn méasurements. To minimize
possible 'conquion, the peaks caused by the  titanium

substrates are excluded from the diffraction patterns
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Fig. 35. SEM of titanium dioxide deposited onto sapphire:
crystallite growth enhancement: A. and B. same film but at
different locations; deposited with helium bleed stream
present, C. no helium bleed stream (see text).
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reported»here.

When films of titanium dioﬁide-'were deposited onto
titanium substrates at 200 C, no x-ray difffaction peaks
from the oxide were observed, At depositioy tempefatures of
300 C and higher, the oxide was polycfystg;line. Thé X-ray
diffraction properties are préSented, inA;Figure 36. . The
diffraction pattern for the 300 e _deposit. indicates the
presence of the anatase modification and there is also one
sﬁall’peak whiéh can only be caused by‘mthe presence of
- rutile. The amount of rutile present is“small compared: to
i the amount iéfi anatase. For-‘all:?ﬁhéi other substrate
materials, rutile was ﬂgt found ﬁo be présent exée%t'.for
deposits made at 400 C or higher. Depositing the film at
400 C also gave a mixture of anéiése”;harfutiief but in fhis
case the amount of anatase was smail, and--ﬁhe. rutile_ was
dominant. The x-ray diffraq;ion'.properties for films
deposited at 600 C indicated tha£ rutile was the only form
preseﬁt. o ‘ |

In terms of growing ru%iie fiims, the titanium
substrates seem to be superiot tQ"ﬁhe other materials
examined in this study. This ig probably influenced by‘ the
small amount of o#ide thermally:groﬁn on,theﬁtitanium before
the plasma deposition. This qiidationﬁéécurs at two . points
in the overall deposition process, First,} the}e ié "séme
oxidation of the titanium substrate when it is placed on the
heated lower electrode and is exposed to the atmosphere; the

exposure time here is very short (1-2 minutes). Second,
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Fié. 36. x-ray diffraction »Spectrum; titanium dioxide
deposited onto titanium (Cu k alpha-radiation), -
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there is probably some further oxidation during the oxygen
plasma descum (5 minutes, 10 watts, 150 -mtorr). Titanium
does not oxidize very rapidly particularly at low
temperatures, and thus the oxides are thin (about 100 nm for
the highest temperature cases). |

The structure of the thermal oxide is very important
for subsequent film growth. Hass (10) reported that rutile
resulted after oxidizing pure titanium in air at
temperatures greater than 200 C (below 200 C he could not
get reasonable films). He also stated: that oxidation of
titénium monoxide<6r_pi£anium nit;ide,fyhich §gcur$ for the
impure case,_gives- the anatase structure. According to
Stringef (87) only the rutilé modificationf of titanium
didxide has been found on tifénium heated in: oxygen. In
view of those .reports, ;he thermal oxides grown in ' this
stddy should be rutile;-;A”rutilé suffaéé should be the best
surface for growing rutile in terms“ of lattice match and
activation energies. Thus, it 1is reasonable thaﬁ the
titanium substréteé have a higher preference than the other
- substrate materi;ls fo:‘generatingvruti;e_films,'

Another question to address is whether the %utile peak
appéaiing in the diffractionvpattern for the 300"C deposit
isytpe result of plasma deéosited rutile or simply the
~thermal rutile, At 300 C the amount of thermal ‘titanium
dioxide thét can be growﬁ'within a few minutes is .so small
that a diffraction peak would probably be undetectable.

For the purpose of comparing thermally grown oxides to
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the plasma deposited oxides, some of thé titaniuum substrates
were oxidized at 700 C with approximétely 100 cc/min of
oxygen. The x-ray diffraction patterns for a thermal oxide
and for an oxide plasma deposited aﬁ 600 C are shown in
Figure 37. In both cases the oxides appear to be of the
rutile modification., The reiative intensities of the two
oxides are very similar except thatlthe deposi;edrfilm shows,
two addi;ional peaks ngt_giyen_in the thermal o*ide. - The
similarities ih rélative peak intensities fdt the two oxides
are cauéed in part by the roughﬁess of the éurface of the
‘titanium substrate. A vefy rough surface téhds to make the
crystallites in the oxide £ilm appear'randpmiy oriented on a
macroscopic scale. Since x-ray diffractién“is a macroscopic
| measurement technique, differences in preferred orientation
may be hidden. -

An examination of the thermal oxide :andj_piaSma okide
with a SEM reveals that there are significant‘differences in
the g;ain stfdcture. Figure 38 shows SEM photographs of the
oxides on the surface of a single grain of the titanium
substrate, Ait is apparenﬁ that,thé crysté;liﬁes'ih the 700
C thermally grown oxide are smaller than those for the film
plasma deposited at 600 C. The grains in the thermal .oxidé
appear rahdomly 6riented.‘ But for the depos%ted film, the
crystallites are growing up from the surface. in columns,
The growth for the film deposited on titanium is similar to

' the growth on the sapphire substrate.

-
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Fig. 37. Comparison of x-ray diffraction spectra: plasma
deposited and thermally grown films (Cu‘k alpha rad.).
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Fig. 38. SEM of titanium dioxide on titanium: A. plasma .
deposited at 600 C, B. thermally grown at 700 C.

W BTN
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Fig 38
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3.3.6 Plasma Deposited Film Structure Compared With
Literature Results o

Significant differences exist between the structural
properties of the plasma deposited films prepared vin this
study and the prépefties reported in the 1literature. For
example, émorphous films made by CVD tend to  begin
crystallizing at anneal temperatures of approximately 300 C
while the plasma deposited films of this study remain
structurally unchanged even at anneal :temperatures of 400 C.
The higher stability of the plasma deposited oxide could be
caused'by the difference in the ﬁypes of impurities. The
CvD films probably contain significant amounts of hydrogen
and/or carbon hhile the plasma deposited film primarily has
chlorine as the impurity (see Section 3.2).

| The other major difference between the plasma deposited

film and CvD films is the grain size. For the same
substrate material and deposition. temperature, the plasma
deposited films had crystallites that were 3-4 times larger
than those in films deposited by CVD (88) from titanium
tetrachloride and oxygen. This difference in properties |is
believed to be due to ion bombardment caused by the plasma.

Other investigators have reported enhanced crystal
growth and reduced epitaxial temperatures as a resﬁlt of ion
bombardment during the deposition process. Most of the work
was reported for sputter deposition systems (93-96). There
have also been some reports of reducing thevepitaxial growth

temperature of silicon (74,75), zinc oxide (72), and gallium
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arsenide (73) by using plasma enhanced deposition, It is
generally accepted that the plasma performs one or more of
the following fﬁnctions: (1.) bombards the surface of the
substrate before deposition producing a cleaner surface éhat
is more favorable for epitaxy, (2.) generates more
nucleation sites and reduces the thickness at which complete
film coverage occurs, and (3.) increases the surface
mobility of the adsorbed species,

The change in film structure caused by the rf powerv
levelvis also a topic needing further research, In the
present study, the best films were obtained using the lowest
rf power.levels (0.06 watts per square centimeter). - Hariu
(73) reported getting epitaxial gallium arsenide films for a
limited range of rf powers and polycrystalline films for
power leveis outside that range. Shiosaki (72) found that
the‘highest rf power levels required the lowest temperatures
for obtaining epitaxial zinc oxide films, The differences
in the trends shown by those three systems suggest that the
plasma is perhaps playing a different role for each case 1in

imprOying the crystal growth.
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3.4 Optical Properties

The optical properties of 'titanium dioxide aré
impbrtant for many of the prospective applications of these
films, Reflectance and transmittance properties were
measured for some of the plasma deposited titanium dioxide
films. The purpose wés to compére the properties of the'PEb
films to those made by other methods and to obtain
information for use in expiaining the photoelectrochemical
properties. |

Figure 39 illustrates the reflectance properties of
Soﬁe titanium dioxide films on titanium substrates. Three
of the films were deposited at. substrate temperaturés of
.ZOO, 400, and 600 C with an oxygen flow of 45 micromoles per.
minute and a titanium tetrachloride flow of 40 micromoles
per minute., The the;mal oxide was grown by voxidizing the
titanium substrate at 700 C in flowing oxygen. Results are
also presented for the "bare" substrate (after HF etch).

The drop in reflectance for the "bare" substrate, as
the wavelength decreases, 1is typical for metal surfaces
(97). Ideally theré is a discontinuous drop in reflectance
when the frequency of the light becomes equal to the plasma
frequency of the metal. The plasma frequency is
proportional to the electron density and for metals occurs
in the high visible or ultraviolet range.

An oxide on a metal surface gives the metal different

reflectance properties because the optical properties of the
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oxide differ from those of the metal. The change in surface
structure can also contribute to the chahge in réflectance.
A smooth surface, of course, is more reflecti?e than a rough
one, Consequently, if thg oxide is amorphous or has very
smali grains, the reflectance should be higher than fof
large grain oxides. (Note: The titanium grains in the
substrate have diameters of approximately 15 to 20 microns
and thus are much larger than the oxide crystallites. See
the section on film structure, Section 3.3.5).. This
probably explains why the films: deposited at 200 and 400 o}
have higher reflectance values than the £film deposited at
600 C and the film thermally grown at 700 C. All of the
films begin to show interference effects at the 1long
wavelength end of the spectrum. The results presented "here
are in agreement with the data reported by Douglas and
pettit (98) for their thermally grown titanium dioxide films'
and bare titanium.

Notice that the reflectance for the 600 C plasmé
deposited film is slightly lower than that for the film
Vthermally grown at 700 C. Here again, the difference. is
probably due to a slightly larger grain- structure for the
deposited £film, Neglecting structural differences, the
oétical properties for a material can be determined from the
real and imaginary parts of° the complex refractive index

(135). The complex refractive index is given by
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n=n+ ik ‘ | (4.)

where n is the real part of the complex refractive index and
k is the extinction coefficient,. The reflectance, R, is

given by

R = ((n-1)2 + k2)/((n+1)2 + k2) (5.)

for normal incidence radiation, The extinction coefficient
determines the absorption coefficient, @ . The equation for

the absorption coefficient is
a= 4gk/2 (6.)

where A is the wavelength. The absorption of a 1light beam

passing through a medium is given by
A =1 - exp(-ux) | (7.)

where A is the fraction absorbed and x is the distance into
the medium, |

It is necessary to consider whether the deposition
témperature can change the refractive index to an extent
tﬁat could explain the variation in reflectance. Based on
the structural properties given in Section 3.3.5, the film
deposited at.éoo C is amorphous, the 400 C deposit 1is a
mixture of anatase and rutile, and the 600 C deposit is pure

rutile. The real part of the refractive index of rutile Iis
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higher than that of anatase (Table 1), and an amorphous
material usually has a lower refrébtive index than the
crystallipe form. According to Equation 5, the reflectance
increases for high values of n. Thus the equation predicts
(assuming constant k) a response that is the -qpposite of
what was observed experimentally. Therefore the differences
in reflectance resulting from the deposition temperature.are
due to differences in surface structure as stated earlier,

The transmitﬁance as a function of wavelength is shown
in Figure 40 for three of the deposited titanium dioxide
films. The films were deposited at 600 C onto qdartz
substrates (2 mm thick). As expected,vthere is a smooth (no
dips or bumps) variation in transmittance with increasing
wavelength, However, the transmittance begins to level off
at the longer wavelengths though it should continue to
increase. This discrepancy is probably the result of not
adquately accounting for differences in the reflectance for
the substrate with a f£ilm on it and the blank substrate used
as a reference,.

To test further the accuracy of the data, the
absorption ‘coefficient was calculated for one of the
aeposited films and compared to the data reported in the
literaturé. All of thé information is presented in Figure
41. The absorption coefficient for the plasma deposited
fiim are comparable to those reported by other investigators
(91,99) even  though no corrections were  made for

reflectance. Since the reflectance effects were neglected,
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Fig. 40. Transmittance properties of plasma deposited'
titanium dioxide films: 1. 120 nm thick, 2. 270 nm thick, 3.
420 nm thick. Optical density = -log (Transmittance).
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Fig. 41. Absorption coefficients: 1. plasma deposited
titanium dioxide, 2. from Mollers et al. (91), 3. from
Eagles (99). '
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the actual absorption coefficents for the plasma deposited
film are lower than that indicated in Figure 41 and, thus,
are closer in magnitude to the results reported by Mollers
et al. (91). Mollers et al. did not describe how they
obtained their data but merely stated the results. The data
obtained by Eagles (99) are also Shown. Those results are
from a theoretical calculation of the absorption coefficient
and tend to over predict the experimental results.

Thus, the plasma deposited films seem to have optical
properties similar to those for titanium dioxide made by

other methods.
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3.5 Electronic Properties

3.5.1vSilicon Substrates

Electronic properties of titanium dioxide have been
studied for a variety of applications. 1In most studies, the
dielectric constant is the most important property. The
dielectric constant of crystalline titanium dioxide is
Unusually_high; rutile has a dielectric constant of 180
along the'c-axis, 89 élong the a-axis, and a value of
110-117 for randomly oriented polycrystalline samples (27).
Powdered anatase has a dielectric constant of 48 (27). By
comparison, silicon dioxide and aluminum oxide have
dielectriqxcdnstants of 4 and 7 respegtively (93).. The
other important property of interest - is the electrical
conductivity. Both of these properties are important in
determining the performance of the plasma deposited titanium
dioxide as a photoanode.

The high dielectric constant of titanium dioxide

suggests that this material may be suitable for capacitor

~structures in microelectronic devices (2,11,89,100,101).

The high refractive index of titanium dioxide makes it of
interest as an antirefléction coating for photovoltaic
systems (4,5,102). In both applications the electronic
properties of the titanium dioxide and the interface between
silicbn and the titanium dioxide are important in
determining the overall performance of the devices., To test

the suitability of the plasma deposited oxides for the above
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applications and to obtain information on the -electronic
properties, capacitance - voltage properties were measured
on films deposited onto silicon substrates. In these
measurements titanium dioxide is considered an insulator and
high resitivities are desired. Electrical contact to the
oxide was made either with evaporated aluminum electrodes or
with a mercury probe. |
Detailed descriptions of the capacitance-voltage
tedhnique'for analysis of metal-oxide semiconductor (MOS)
-_systems havevbeen presented in the 1literature (103-105).
The capacitance of a metal - oxide - semiconductor capacitor

is given by equation (8)

C

(Cox + Csg )™t | (8.)

were Cb is the total capacitance, Cgy is the oxide
capacitance, and Csc is the capacitance of the semiconductor
space charge region. The thickness and the capacitance of
the space charge region are voltage dependent. An idealized
plot of the total capacitance, C, as a function of voltage
is shown in Figure 42. - When a space charge region is
present in the semiconductor, the device is said to be in
depletion. The minimum of the curve occurs when the space
charge region is at maximum thickness. The maximum C occurs
when the semiconductor is in accumulation (i.e. majority
carriers are attracted to the surface), the space charge

capacitance is infinite, and C 1is equal to the oxide



CAPACITANCE

DEPLETION -

~ ACCUMULATION

. R
~ APPLIED BIAS

- Fig. 42. Ideal C-V plot: n-type silicon.

115



116

capacitance.

In this study, n-type silicon wafers were used;
therefore accumulation requires a positive bias on the metal
contact to the titanium dioxide. The capacitance—voltage
(C-V) plot for a titanium dioxide film that was plasma
deposited at 250 C is shown in Figure 43, Curve 1, for the
"as deposited” film, is representativé of the curves usually
obtained for deposition temperatures of 200-250 C.
Dielectric constants for films deposited at those
~ temperatures range from 25 to 30. Thé position of the curve
on the voltage axis indicates that negative charge is
present in the titanium dioxide., The origin of this charge
is most Alikely chlorine ions incorporated during the
deposition. _

Annealing the films deposited at 200 to 250 C causes
dramatic changes in their C-v characteristics. Curves 2 and
3 in Figure 43 are for sections of a film that was deposited
at 250 C and then annealed in oxygen and'argon respectively
at 400 C. The changes that occurred seemed to be mainly
caused by high temperature rather than by the gas |used.
After the anneal, the voltage required to switch the silicon
from depletion to accumulatioh is reduced. This also
indicates that the amount of trap?ed negative charge
(chlorine ions) in the film has been reduced. The C-V
behavior for the accumulation region, or rather what is
believed to be the accumulation region, 1is strange,. In

accumulation, the capacitance should be a constant equal to
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Pig. 43. C-V plots for titanium dioxide deposited onto
silicon at 250 C: 1. as-deposited, 2. after annealed at 400
C in oxygen for 20 min., 3. after annealed in argon at 400 C
for 20 min.
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the oxide capacitance. However, the capacitance for the
annealed films continues to vary with the applied voltage,

C-V plots were also recorded for films deposited at 400
C and 600 C. Plots for two of those films are given in
Figure 44; they are similar in shape to the curves measured
for the annealed films discussed above. The capacitance
begins to decrease after . reaching accumulation. However,
the curve for the 600 C deposit seems more stable than the
annealed films and the 400 C deposit. |

Current-voltage (I-V) properties for some of the films
discussed above were also measured. Measurements for four
of the films are presented in Figure 45 as Schottky plots
(log current density vs the square root of the applied
electric fiéld). The f£ilm deposited at 200 C has the lowest
conductivity followed by the 250 C deposit; Schottky plots
for those two films are reasonably straight 1lines with
approximately equal slopes. Andealing the 200 C deposit at
400 C in oxygen leads to a very large . increase in
conductivity. The concurrent change in slope also implies a
change in the conduction mechanism. At higher fields, the
Schottky plot for the annealed film is almost identical to
that for the film deposited at 400 C. Thus, the change in
current-voltage properties is analogous to the change in the
capacitance,yoltage properties,

Results for the present study show that the two main
differences between the films deposited at 200 C and those

deposited at 400 C and higher are the structural properties
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Fig. 44. C-V plots for titanium dioxide deposited onto
silicon at: A. 400 C, B. 600 C.
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Fig. 45. Schottky plots for titanium dioxide deposited onto
silicon: 1. deposited at 200 C, 2. deposited at 250 C, 3.
deposited at 400 C, 4. deposited at 200 C then annealed at
400 C in oxygen. ' '
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and the chemical composition, Based on the structural
properties presented in Section 3.3.3, the 200 C deposit is
amofphous while the 400 and 600 C deposits | are
polycrystalline mixtures of anatase and rutile. Capacitance
and conductivity for titanium dioxide both depend on thé
structural propeties. However,'according to the results in
Section 3.3.1, annealing the 200 C deposits at 400 C does
not change the film structure., It Iremains émorphdus, but
the electronic properties do change. Film composition
- results presented in Section 3.2 show that the films
deposited at 200 C and then annealed and the films deposited
‘at 400 and 600 C contain 1less chlorine than the film
deposited at 200 C. These differences in chlorine
‘concentrations match  the differences in electrohic
properties for the films.

Electrical conductivity of a material is determined by
the concentration of conduction electrons and by the
electron mobility. For metal oxides, the electron
concentration can be ‘increased by generating oxygen
vacancies or metal intersitials (106), since both defects
are electron donors. Conductivity in titanium dioxide has
been reported to be the result of oxygen vacancies (24,34).
Thus, the higher conductivity for the polycrystalline plasma
deposited films is probably caused by the higher electron
concentration 1induced by the oxygeﬁ vacancies. Adding

another element to a material can increase or decrease the

electron concentration. The changé depends on the valence
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of the element and how it is incorporated. Films deposited
at 400 and 600 C have little or no chlorine, and so their
electronic properties are almost solely determined by the
oxygen vacancy concentration,

According to the results in Section 3.3, films
deposited at 200 C are amorphous. The open structure of
- amorphous materials allows accomodation of relatively 1large
(a few atomic %) amounts of impurity elements (107) before
phase segregation starts. This property, coupled with the
relatively low deposition temperature, allows sufficient
chlorine to be incorporated into the films to alter the
electronic properties. The chlorine in the films probably
acts as an  electron acceptor. As a result, the .total
cohcentration of eiectrons is equal to the number donated by
the oxygen vacanies minus the number taken up by the
chlorine acceptors, If the oxygen to titanium ratios are
about equal for the 200 C deposit and the higher temperature
deposits, then the 200 C ,deposit. should have a lower
conduétivity. That is what 1is observed. Furthermore,
annealing the 200 C deposits removes the chlorine,
Consequently, the concentration of conduction electrons
increases and so does the conductivity.

The presence of the chlorine‘ in ‘the film helps to
compensate for} the oxygen vacancies and improves the
dielectfic properties, That is why the the films deposited
at 200 C have fairly wéll behaved C-V plots. However, the

films with the higher conductivities (i.e., essentially no
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chlorine) .are more semiconducting than ~insulating. As a
result, the C-V characteristics are probably influenced by
the depletion layer in the silicon and that in the titanium
dioxide. Further studies are needed in order to obtain a

complete explanation of these phenomena

3.5.2 Titanium Substrates

Table 7 summarizes»the electronic properties measured
for four films plasma deposited onto titanium substrates.
Before the électronic measurements werev carried out, the-
photoelectrochemical properties were recorded (see ‘Section
3.6.8). Thus, the electronic properties  should be -
tepresentative of these photoanodes (this will be diséuséed
further in Section 3.6).

All four films have very high dielectric constants
(averaging 160). As stated in Section 3.5.1, the diélectiic
constant for rutile is 180 along the c-axis and is 110-117
for rutile with randomly oriented crystallites. The fact
that the plasma deposited films have such a high dielectric
constant implies that the crystallites have a high degree of

preferred orientation along the c-axis.
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Table 7. Electronic Properties For Plasma Deposited
Titanium Dioxide On Titanium Substrates

Deposition Conditions: 600 C, 360 micromoles oxygen per
minute, 40 micromoles titanium tetrachloride per minute

RF Power Thickness Dielectric Resistivity
(watts) (microns) Constant (megohm-cm)
5 1.5 166 0.9
10 1.2 162 _ 1.0
10 1.3 ' 158 2.2
20 1.3 157 .60
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3.6 Photoelectrochemical Properties

3.6.1 Establishing A Photoanode Referehce

For this study, it was desired to have a photoanode,
not plasma deposited, that could be ‘used for a direct
comparison of performancé. Single crystal rutile could have
béen obtained, but it is expensive. In addition, it is very
difficult to make high quality éingle crystal rutile
photoanodes (22). There have been some tepdrts in which the
performance of single crystal rutile photoanodes were
compared with films of titanigm'dioxide'grown on a titanium
substrate with a gas burner or in a furnace (6,43). The
thin films were found essentially equivélent in photo-
electrochemical performance to single crystal photoanodes.
In view of that information and of the simplicity of
thermally growing the oxides, thermally .grown photoanodes
were fabricated and used in this study for comparison with
the plasma deposited oxides. At first, the films were growﬁ
by oxidizing the titanium substrates in a bunsen burner. It
was very difficult to obtain films with reproducible photo-
electrochemical properties using this method. some of the
films gave good photoresponses, but most of them showed 1low
photocurrents, |

In an effort to get photoanodes with more consistent
properties, some of the titanium substrates were oxidized in
a quartz tube furnace with oxygen. After the oxidation, the

films were then reduced in a mixture of 90% helium and 10%
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‘hydrogen. Various oxidation and reduction conditions were
examined. 1In general, the thicker films, grown for 1 to 2
‘hours, did not work as well as the thinner oxides, grown for
0.25 to 0.5 hours. Increasing the conductivity of the
thicker oxides by reducing them for longer times than the
thinner oxides still did not bring their performance up to
that for the thinner oxides. 1In fact, lohg reduction times
(1.5 hours) caused a decrease in the photoresponse. The
best thermally grown photoanodes were obtained by oxidizing
thé titanium at 700 C for 0.5 hours in 100 cc/min of oxygen
and then reducing for 0.5 hours in a 90% helium 10% hydrogen
mixture at 100_cc/min at 600 C. Therefore, unless othefwise
indicated, all references to thermally grown titanium oxides -
in this thesis will be to films grown under these

conditions.

3.6.2 Deposited Film Performance:.Ear1y Trié1s

The first set of plasma deposited photoanodes was
fairly thick (greater than 5 microns) and, like the thick
thermélly grown photoanodes, gave a very poor photoresponse.
The film performance increased when the thickhess was
reduced. Various deposition temperatures were also
examined. In general, the films deposited at 200 to 300 C
did not work as well as those deposited at 400 and 600 C.
This is believed to be due to differences in crystallinity;
the higher temperature films have larger grains. Therefore,

most of the plasma deposited photoanodes were made at 600 C.
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This deposition temperature yields films of the rutile
structure (see Section 3.3.5, Film Structure), The thermally
grown anodes are also rutile, and most of the work reported.
in the literature is for the rutile form of titanium
dioxide. .Thus, the films deposited at 600 C are considered
to be the simplest base for comparison with titanium dioxide
photoanodes made by other techniques. |

A brief examination was'also made of the changes in the
photoelectrochemical performance of plasma deposited anodes
which received 'a post-deposition hydrogen anneal. Two
vdepositions were performed at substrate temperatures of
approxiﬁatély 600 C. In both cases, two.titanum substrates
~were used; two of the films, one from eaéhvdeposition,’ were
 hsed to fabricaﬁe.photoanoaes. The other two wefe reduced
in a 90% heiium 10% hydrogen mixture (100 cc/min) at 600 C
for 0.5 hours. After the reduction, they were also made
into photoanodes. The photocurrent as a function of voltage
was measured for all < four anodes using the full output
(white 1light) from the ultraviolet lamp.  For both
depositions, the photoresponse for the films that were
reduced was approximately a factor of three lower than that
for the corresponding unreduced films, The reduced f£film
also had a higher dark _cufrent which implied a higher
conductivity. The higher conductivity causes a reduction in
the thickness of the depletion région. As a result, less
abéorbed light contributed to the photocurrent, and the

overall performance was decreased.
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3.6.3 Gas Ratio

Various titanium tetrachloride to oxygen ratios were
examined during deposition 1in order to optiﬁize the
photoelectrochemical properties. This series was performed
by varying the titanium tetrachloride flow over a range of
40 to 60 micromoles per minute and keepingv the other
deposition parameters fixed., The other parameters were 45
micromoles of oxygen .per minute, 10 watts rf power, a
substrate temperature of 600 C, a deposition time of 7
minutes, and a pressure of 150 mtorr, Of course, the
residence time also changed and so did the deposition rate.
Photocurrents as a function of voltage were measured fér the
films using the full output from the ultraviolet lamp.

Photoresponses for three of the plasma deposited anodes
and one of the furnace grown'anodes‘are shown in Figure 46.
Dark currents for all four cases were essentially zero when
compared to the photocurrents, Curves for the déposited
films are all very similar in shape; photocurrent onset
occurs‘at about.the same voltage, and the initial slopes are
similar. However, as the higher potentials are approached,
there is a significant difference in the photocurrents for
the film deposited with the 1lowest oxygen to titanium
tetrachloride ratio. At an anode potential of 2.5 volts vs
SCE, the photocurrent for the deposited films are 5.4, 6.1,
and 6.3 mA/sq cm for oxygen to titanium tetrachloride ratios

of 0.72, 1.0, and 1.1 respectively. As stated earlier, the
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deposition rates for the films were different and so are the
final thicknesses. The order of increasing photocurrents is
also the order of decreasing thicknesses; the 'thicknesSes
are 1.8 microns, 1.2 microns, and 0.9 microns respectively.
At this point it is unclear whether the thickness is a more
important factor than ﬁhe feed gas ratios, Further
vdiscussion of this matter will be presentéd in Section 3.6.5
and 3.6.9.

The photocurrent for the thermally grown anode shows a
significantly sharper rise with- voltége than the plasma
deposited photoanodes. Yet, the peak photocurrent , at high
voltages, for the thermally grown anode is approximately
'equal to that for the best two plasma deposited photoanodes.

Flatband voltages for the thermally gréwn anode and for
two of the plasma deposited anodes were also compared. The
flatband voltages were estimated by assuming that they wére
equal to the. potential at which the photocurrent onset
occurs. This method has been found to give flatband
potentials that are comparable to thosé obtained by
capacitance techniques (108). The principles behind this
method are fairly simple. At the flatband potential, the
electronic energy bands are flat through the bulk of the
semiconductor to the surface, In the absence of the
depletion region, the photogenerated electrons and holes can
not be separated. Thus, they recombine and give a
photocurrent of zero. By this method, the thermally grown

photoanode described above had an anodic photocurrent onset
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at -1.00 volts vs SCE while the best two plasma deposited
anodes had values of -0.97 and -0.96 volts - vs SCE. These
values are slightly lower than the usual value of -0.9 volts
vs SCE (56) for rutile,.

Current - wavelength properties for the three films
discussed above were also measured. The measurements were
" made with the'photoanodes at +0.125 volts vs SCE and at a
scan rate of 100 nm/min, Fiqure 47 summarizes the
measurements in the form of relative quantum efficiency as a
function of wavelength. As indicated previously, the plasma
‘deposited films display curves with similar shapes, There
is, however, seme “deviation between them at  shorter
wavelengths (311 nm and less). Also, ehere is a very .large
difference between the response for the;thermally grown film
- and the plasma deposited films. The quantum efficiencies
for the deposited films and the thermally grown film are
approximately equal for the long wavelengths (380-400 nm).
In the intermediate' wavelength range (315-380 nm), the
quantum efficiencies for the thermally grown photoanode are
significantly higher than those for the two plasma deposited
photoanodes. But, the quantum efficiencies for the plasma
deposited photoanodes are significantly higher than those
for the thermally grown anodes at the shorter wavelengths
(less'than 315 nm).

The shape of the photoresponse - wavelength curve
depends on many factors such as light absorption

characteristics, electronic properties , bulk recombination,
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surface recombination, and film thickness. For this study,
the film thickness is small enough to be a very important
factor. Absorption coefficients decrease as the wavelength
is increased. As a result, a thick film should have its
peak photoresponse at 1longer wavelengths than a thinner
filﬁ. The thinner £ilm is unable to absorb significant
amounts of the longer wavelengths so the peak photoresponse
is shifted toward the shorter wavelengths. There have been
reports of a drop in the photoresponse at the shorter
wavelengths for some semiconductor electrodes (13) including
titanium dioxide anodes. This type ofvbehaviorwcan give a
bell shéped photorespbnse similar to that for the thermally
grown film and also similar to the results for simple
phoﬁoconductivity measurements (36). The drop is usuaii&
attributed to surface redombination (13,15,51) since most of
the light is absorbed_in the near-surface region,

Although the thickness of the thermally grown film is
unknown, it is believed to be thinner than the two plasma
deposited fiims. Thus the response peak for the thermally
grown photoanode should occur at a shorter wavelength than
the deposited anodes. 1Instead, the opposite is true; the
response for the thermally grown anode has its peak at a
longer‘wavelength. Part of this behavior is probably caused
by the difference in band bending propérties for ”éhe
thermally grown anode and the deposited anodes,

The photoresponse at the shorter wavelengths (less than

315 nm) for the deposited films is better than that for the
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thermally grown anode. .= None of the photoresponse
measurements were corrected for possible reflectance
differences. However, the reflectance properties for the
thermally grown titanium dioxide films and the plasma
deposited titanium dioxide films were compared in Section
3.4, Optical Properties. Based on those results, the
reflectance for the titanium dioxide films plasma deposited
at 600 C are within‘two percent of the values for‘ titanium
dioxide .films thermally grown at 760 c. Thus the
differences in wavelength response for the thermally grown
anodes and the plasma deposited anodes cannot be attributed

to differences in the reflectance.

3.6.4 RF Power And Phbtoelectrochemical Performance

The dependence 6f the photoelectrochemical properties
of plasma deposited titanium dioxide on rf power was also
examined. As shown in Section 3.3.4, Film Structure, the
film structure 1is a function *of rf power. Also, ion
bombardment, being a function of the rf power, can alter the
surface composition and perhaps create surface states
unobtainable by other methods. For this series, only the rf
power was varied. The resultsv from the previous series
indicated that the photoelectrochemical properties may be
favored by high ratios of oxygen to titanium tetrachloride
for the feed gases, So, for this series, the oxygen flow
was increased to 8 sccm, 360 micromoles per minute. The

deposition time and temperature were 15 minutes and 600 C,
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and the titanium tetrachloride flow rate was 40 micromoles
per minute. .

Figure 48 illustrates the photocurrent - voltage pro-
perties for three titanium dioxide €£films de?osited at rf
powers of 10, 100, and 200 watts. The deposition rate also
varied with power; the film.thicknesses were 1.15 microns,
0.79 microns, and 0.95 microns, respectively, for the
increasing rf powers. The films depositea at 10 watts have
a much highér.photocurrent_than do the films deposited at
higher power levels. The difference in the performance is

too large_to be completely accounted for by differences in

thickness, although this is a contributing factor.  Further

evidence ﬁhat the thickness is not the only factor in suéh
differencés éan be seen by a comparison of the photocurrents
for the 100 watt and the 200 watt depositions. The 100 watt
deposit has a higher photocurrént than the 200 watt?depgsit,
yet the 100 watt film is the thinner of the two deposits.
Thus, there must be other factofs, induced by the rf power
level, which determine the photoelectrochemical éroperties.

Differences in film structure are the most likely cause
of the difference in photoelectrochemical properties, The
results from Section 3.3.4.1 indicate that the 'crystalline
grain size decreases with increasing rf power. A reduction
in crystallite éize causes higher recombination rates and
therefore lower photocurrents (109-111).

Photoresponse - wavelength properties for the anodes

described in Figure 48 are shown in Figure 49. The 1long

e
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wavelength responsé for the 10 watt deposition, Curve 1, is
a factor of three higher than that for the 100 and 200 watt
depositions. However, the response for the three films at
the shorter wavelengths (303 nm and lower) are nearly equal.
Usually, photocurrents in the short wavelength region are
controlled by surface recombination (15,51) while fhe
photocurrents for the long wavelengths are controlled by
bulk recombination (15). Apparehtly the poor response for
the films deposited at 100 and 200 watts rf power for long
wavelengths result frém Vhigher bulk recombination rates
causéd by the high density of grain boundary recombination
sites. In view of these results, all the anodes for the
remainder of this study Qere.made at rf powers of 20 watté

or less.

3.6.5 Comparison Between Thermally Grown Anodes And Improved
Deposited Anodes | | |

‘For comparison, the photoresponse for the thermally
grown photoandde discussed earlier is also shown in Figure
- 49. This time,bthe titanium dioxide photoanode that was
plasma deposited at 10 watts has a greater photoresponse
than the thermally grown anode over the entire spectrum.
Thus, the photéelectrochemical properties of the plasma
deposited anode has been improved by increasing the feed gas
ratio of oxygen to titanium tetrachloride. This is
explicitly shown in Figure 50 by the photoresponse -

wavelength curves for two films of equal thickness (1.15
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microns) but deposited using two different oxygen to
titanium tetrachloride ratios, 9 and 1 respectively.

By proper selection of the deposition conditions,
plasma deposited photoanodes can be tailored to have
photoelectrqchemical properties that are much better than
those for the thermally grown photoanodes. At least paft of
the difference in photoelectrochemical properties is related
to differences in the structural properties of the thermally
grown films compared to the plasma deposited films, In
Section 3.3.5, Film Structure, it was shown that the plasma
deposited films had larger and more uniformly oriented
crystallites (columnar structure)'than the thermaily grown
films, As a result, photogenerated charge cafriers
encounter fewer grain boundaries in the plasma deposited

£ilm than in the thermally grown film,

3.6.6 Effect Of Chlorine On Photoelectrochemical Properties
During the deposition process, the plasma deposited
films are exposed to chlorine, and as shown in Section 3.5,
Electronic Properties, the presence of chlorine in the f£film
can affect the capacitance - voltage and current voltage
characteristics of these films, It 1is possible that
chlorine may alter some of the other electronic properties
which help to determine the photoelectrochemical béhavior.
There have been numerous reports of improving the
electronic and photoelectronic properties of semiconductors

by incorporating various elements. One of the most
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extensively studied areas is the incorporation of ‘hydrogen
in amorphous silicon by glow discharge deposition from
silane (71,112-114). The effect of the hydrogén is complex;
the optical and electronic properties are both modified.
For the electronié-properties, the most important change is
~the reduction in the density of dangling bonds and defect
states which leads to lower recombination rates ‘(115—116).
Other methods of incorpd;ating hydrogen into silicon have
also beenbreported. For example, Seager (115) introduced
monatomic hydrogen into polycrystalline silicon by heating
the silicon (400 C) in a hydrogen glow discharge. He found
that the treatment passivated the grain boundaries and
igcreaséd the solar energy conversion efficiency of the
'pélysilicon.' .

Some semiconductors have also had improvements made in
their electronic properties by treating them with fluorine.
Stfingfellow (117) etched gallium phosphide in- a.-carbon
tetrafluoride glow discharge and found fluorine adsorbed :on
the surface after etching. = While fluorine was present,
there was a reduction in the surface recombination rate and
an increase in the minority carrier diffusion length.
Cockrun et al. (118) ion implanted silicon wafe;s' with
fluorine; as a result, the minority carrier lifetime
increased. The photoelegtrochemical properties of titanium
dioxide treated in fluorine have been feported by Subbarao
‘et al. (57,119). They fluorinated single crystal rutile by

heating the crystal (575 to 700 C) in a mixture of hydrogen
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fluoride and argon. The fluorinated anodes were compared
with untreated single crystal rutile photoanodes and were
found to have higher quantum efficiencies, particularly at
the longer wavelengths. The improvement in properties was
attributed to a reduction in the recombination site density
resulting from £illing the oxygen vacancies with fluorine
ions. In view of these results and considering the
similarities between fluorine and chlorine, it is reasonable
to expect that chlorine may affect the photoelectrochemical
properties of the plasma deposited anodes used in the
present study.

If. the chlorine exposure received by the plasma
depésited anodes enhances the photoelectrochemical
properties, this will in part account for some of the
differences in performance of the thermally grown versus the
plasma deposited photoanodes. To " test the effect of
chlqrine on the photoelectrochemical properties of the
thermally grown fiims, two methods were used to incorporate
chlorine into the photoanodes. In the first method, the
tiﬁanium substrate was oxidized in a mixture of chlorine and
oxygen (100 cc/min oxygen and 10 cc/min chlorine) at 700 C.
The films obtained by this method were of poor quality; they
consisted of large brown-yellow flakes of titanium dioxide
which had separated from the titanium substrate. This
method was therefofe abandoned.

In the second method, thermally grown titanium dioxide

films were annealed in a helium-chlorine mixture (10 to 1
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ratio). Four titanium substrates were oxidized in oxygen
for 30 minutes at 700 C. One of the thermally -grown films
was annealed in pure helium at 500 C for 12 minutes, and was
then reduced in a helium - hydrogen mixture at 600 C for 30
minutes, The second film was annealed in the helium -
chlorine mixture at 500 C for 12 minutes followed by the
same helium - hydrogen reduction as the standard. The third
film was also annealed in the helium - chlorine mixture for
12 minutes”at 500 C, but the helium - hydrogen reduétion was
not performed. A temperature of 300 C was used for a helium
- chlorine treatment of the fourth film and the helium -
hydrogen.reduction was not performed.

Figure 51 shows the photocurrent - voltage propérties
for the four films described above and also summarizes the
experimental conditions. The VStandard film (no chlorine
treatment), Curve 1, shows a much lower photbresponse. than
any of ;he photoanodes treated with chlorine, Curves 2-4,.
The photoanodes treated in chlorine at 500 C, Curves 2 and
3, display photocurrents that are more than a factor of two
higher than that for the standard case. Also, notice that
sample 2, which received the 500 C chlorine treatmeﬁt and
the reduction treatment, shows a slightly lower photocurrent
than for sample .3) which only received the chlorine
treatment at 500 C. This difference is probably a result.of
theidiffefence in cdnductivities; the reduced film had a
mucﬁ higher dark current. The important point here is that

hydrogen - helium treatment does not significantly affect
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the Saturation»photocurrents. -The fourth £film,  Curve 4,
(chlorine treatment at 300 C) has a higher photocurrent than
the other three anodes; it is three fimes higher than the
unchlorinated anode. Apparently, the improvements induced
by the chlorine seem to be more favored by the lower
temperature treaﬁment.

It is now apparent that annealing thermally grown films
in a chlorine - helium mixture improves their
'photoelectrochemical properties., - Thus, the "chlorination
seems to affect the thermally grdwn films in a way similar
to that reported by Subbarao et al. (57,119) for the
'fluorination of single crystal titanium .dioxide. Also of
interest is the fact that the largest improvement in
properties for the fluorination (57) and for the
chlorination occurs at lower temperatures,

Further studies of the chlorination of thermally grown
anodes were made in order to determine its effect on the
photocurrent - wavelength properties and also to examine the
chlorination time dependence of the property changes. In
this series, three titanium substrates were oxidized (700 C,
30 min, in oxygen) and tﬁen reduced (600 C, 30 min, 10%
hydrogen - 90% helium), Again, one of the thermally grown
titanium dioxide films was used as a standard and was not
chlorinated. The other two were chlorinated at 350 C in a
10 to 1 helium-chlorine mixture for 15 minutes and 30
minutes respectively. Photoanodes were then fabricated, and

the current - wavelength properties were measured.
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Figure 52 shows the results of the current - wavelength
measurements as the photocurrent ratio vs wavelength. The
photocurrent ratio is defined as the photocurrent for the
anode divided by the photocurrent for the standard anode.
Thus, the photocurrent ratio represents an improvement
factor, The two sets of data shown in Figure 52 are for the
two films chlorinated for 15 and 30 minutes respectively.
Of course, the photocurrent ratio for the standard anode is
equal to 1 over the entire spectrum, Both chlorination
treatments yield significant improvements in the photoanode
performance. Note that the photocurrent ratio forb the 30
minute chlorination is about a factor of two higher than
that for thé lS,minuﬁe chlorination., It may be possibie to
improve the response futher by chlorinating the oxide for
longer periods of time,

The variation of photocurrent ratios with wavelength is
particularly interesting. The chlorination yields 1little,
if any, improvement in the photocurrent for 1light of
wavelengths greater than about 380 nm. However, at shorter
wavelengths (less than 370 nm) the photocurrent for the 15
minute chlorination is 8 to 10 times higher than that for
the unchlorinated anode, while the 30 minute chlorination
results in a factor of 15 to 20 increase in the photocurrent
over that for the unchlorinated anode. This increase in the
photoresponse for light at the short wavelength end of the
spectrum implies that the surface recombination rate has

been reduced (15). Thus it is believed that the
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chlorination leads to a reduction in surface recombination
and/or grain boundary recombination sites. However, even
with the observed improvement, the photoresponse is still
much less than that for the.best plasma deposited anodes.

As stated earlier, the plasma deposited photoanodes
showed a higher short wavelength response thah the thermally
grown films i.e. lower surface recombination rate. To check
for further possible improvements, several plasma deposited
titanium dioxide films were given a post-deposition
chlorination, Three plasma deposited films were given the
same chlorinatién treatments described above for the three
thermally grown films, Photocurrent - wavelength curves
were measured for the films, and it was £found thaﬁ the
chlorination treatment did not significantly change the
photoelectrochemical ﬁroperties. It should be noted that
the plasma deposited anodes had much bétter photo-
electrochemical properties than the thermally grown anodes

and thus had less room for improvement.

3.6.6.1 Speculations On The Chemical Effect of Chlorine

It has been established that chlorination of the
thermally grown films improves their Short wavelength
photoelectrochemical properties. It is also known, by
nature of the reactant gas involved, that the plasma
deposited titanium dioxide films are exposed to chlorine
throughout the deposition process; this chlorine exposure

may help to improve their photoelectrochemical properties.
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Based on Auger and ESCA results (see Section 3,2) very
little chlorine is present in the deposited films used as
photoanodes, 1In addition, the structural oproperties (see
Section 3.3.5) show that only the rutile phase is present in
both the deposited photoanodes and the thermally grown
anodes. Rutile has a relatively cdmpact lattice and cannot
easily accomodate chloride ion impurities. The chlorine -1
ion has a radius of 1.80 angstroms; the oxygen -2 ion has a
radius of 1.40 angstroms; the titanium +4 ion has a radius
of 0.64 angstroms (120). Thus the chlorine is too large 't_o
fit on a lattice site without inducing a 1large amount of
lattice stress. Furthermore, the packiﬁg factor for rutile,
0.83, is rather high, and so the chlorine ion cannot ‘6ccupy
an interstitial site. However, the structure at grain .
boundaries is quite open, and the chlorine, if present, can
be situafed at the grain boundaries in a film, Grain
boundaries are also a primary source of recombination sites
in polycrystalline films (115,116). Therefore, if p:eSent 
at the grain boundaries, the chlorine could serve to reduce
the recombination rate by direct interaction with the
recombination sites.

There is also the possibility that chlorine
inéorporation is unnecessary for the improved photoresponse.
In this senario, chlorine treatments or exposures serve to
quify the titanium dioxide surface and/dr grain boundaries
such that the recomination rate is reduced but the chlorine

would not remain in the film. This concept is supported by
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the statement by Ghoshtagore (79) that chlorine is not known
to be strongly adsorbed on rutile. It is also supported by
the observation described earlier (see Figufe 51) for the
thermally grown anode that was reduced (600 C, hydrogen -
helium mixture) after the chlorination treatment. The
reduction should have removed most of the chlorine, if
present, yet the anode still had a much better photoresponse
than the unchlorinated anode.

The mechanism behind the changes produced by the
chlorine exposure 1is still unresolved. However, the
important fact is that the chlorine seems to have a
beneficial influence on the short - wavelength
photoelectrochemical properties of the anodes. This méy be
part of the-teasqn why the plasma deposited anodes perform

better than the thermally grown anodes.

3.6.7 Differences In Long Wavelength Response

Thin £ilm photoresponse for long wavelength radiation
is largely determined by the thickness of the £film, ‘The
absorption coefficient (see Section 3.4) is 1lower for the
long waveléngths and so the film must be thicker to allow
absorption of the longer wavelengths than 1is needed for
-absorbing the shorter wavelengths. The best plasma
deposited titanium dioxide photanodes are thicker than the
best thermally grown photoanodes and, as expected on the
basis of light absorption, the long wavelength response is

greater than that for the thermally grown anodes. As
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mentioned earlier, thick film (gréatef than 0.8 microns)
thermally grown oxides did not work as well as the thin
oxides. This may only be a problem of <further optimizing
the oxidation conditions. But it may also be related to the
bulk recombination rates; the thermally grown films have
smaller grains (see Section 3.3.5) and thus higher
recombination rates (116). The 'deposited anodes have
larger, better-oriented crystallites and thus a lower
recombination rate, As a result of the lower bulk
recombination rate, the plasma deposited anodes can have a
greater thickness than the thermal oxides without a loss in
perfofmance. This explanation agrees with the'photoresponse
resultsA that Kumari (121) reports for pdlycryétailine
silicon. He shows that by increasing the grain size, the:
photoresponse for the long wavelength light shows‘
significant increases while the short Qavelength response

shows much smaller changes,

3.6.8 Additional Results For Plasma Deposited Photoanodes
Quantum efficiencies for several of the plasma
deposited titanium dioxide photoanodes were measured for
comparison with the results reported by other investigators.
Figure 53 shows the quantum efficiency as a function of
wavelength for films deposited using the following
conditions: 40 " micromoles per minute of titanium
tetrachloride, 360 micromolés per minute of oxygen,

temperature of 600 C. Curves 1 and 3, for anodes deposited
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~using an rf power of iO watts, have thicknesses of 1.2
microns and 1.3 micrbns respectively while Curve 2, for an
anode deposited at 5 watts rf power, has a thickness of 1.5
microns. The quantum efficienéies shown by Curves 1 and 2
ére similar in magnitude to those reported by Wilson et 'al.
”(22) and Harris et al. (23) for single crystal rutile
photonaodes (1 mm thick). Their experimental conditions
were different from those of the presenf study; they used 1
molar potassium hydroxide for the electrolyte and an - anode
potential of 0.0 volts vs SCE instead 'of 1 mélér sodium
hydroxide and +0.125 volts. They subjected their photanodes
to a variety of surfaéeutreatments,and were able to obtain
quantum efficiencies that were usually in the 0.5 to 0.75
'range. Curves 1 and 2 show quantum efficiencies of 0.6 to
0.7 ovei ihe wavelength range of 290 to 365 nm, It is
particularly interesting that such high quantum efficiencies
are obtained for the longer'wavelengths (363 nm) in view of
the fact that the films are too thin for complete absorption
of incident light. This behavior suggests that the actual
recombination rate in the plasma deposited anodes, for the
longer wavelengths, is very low and the quantum efficiency,
if corrected for actual light absorption, is  _nearly 100%.
The drop in quantum efficiency at short wavelengths (250 to
290 nm) is caused by surface recombination as well as losses
due to absorption by the electrolyte.

- There is a slight dip in the quantum efficiency for

Curves 1 and 2 between the wavelengths of 303 nm and 363 nm,
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Some of the plasma deposited 1anodes, such as the one
described by Curve 3, have a much greater dip in the quantum
efficiency. The cause of the dip in the quantum efficiency
is unclear. Reflectance measurements (see Section 3,4) show
only a small (less than 3%), smooth increase for that
wavelength range., Light transmittance measurements (see
Section 3.4) show no changes that would cause a dip in the
‘quantum efficiency. Thus, the dip is not believed to be
related to the optical properties, The thermally grown
anodes made in this study cannot have such a dip in quantum
efficiency because the photoresponse for the long wavelength
light (near bandgap) and at the shorter wavelengths (311 nm
and less) are both fairly low and so a peak in the 330 to.
340 nm range is generally observed (see Figure 49). Other
investigators (22,90) also show dips in their wavelength
response measurements.

Polished titanium substrates (mirror finish with 1
micron diamond paste) were also used to fabricate plasma
.deposited photoanodes. The purpose of wusing the polished
substrates was to compare them with‘the rough, HF etched,
substrates. After the photoelectrochemical measurements,
aluminum dots were evaporated onto the plasma deposited
titanium dioxide and used as electrical contacts for
measuring the resistance and capacitance of the oxide (see
Section 3.5, Electronic Properties).

- Figure 54 illustrates the quantum efficiency -

wavelength characteristics for two of the titanium dioxide
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films deposited onto polished titanium substrates. Curves 1
and 2 are for anodes made under the same conditions
described earlier.and at 5 watts and 20 watts rf power
respectively. As expected, the photoresponse properties for
these two films are similar to those for the films deposited
onto the unpolished substrates. The film for Curve 1 is 1.5
microns thick, has a resistivity of 0.9 megohm—cm,‘ and a
dielectric constant of 166. By comparison, the film for
Curve 2 is 1.3 microns thick, has a resistivity of 0.6
megohm-cm, and a dielectric constant of 157.

Quantum efficiency - voltage characteristics were also
examined for the photoanodes using monochromatic 1light.
Figure 55 shows the quantum efficiency - vdltage
characteristics for a photoanode deposited at 10 watts rf
power. At 1low potentials (less than -0.5 volts), the
quantum efficiency for the 363 nm 1light is approximately
equal to that for the 333 nm light. The differences in the
curves increase as the potential increases and at 0.5 volts
the quantum efficiencies are 0.75 (363 nm 1light) and 0.70
(333 nm light). Wilson et al., (22) also reported gquantum
efficiency -~ wavelength data for his single crystal rutile
using 350 nm light. A comparison between Wilson's results,
and the results for the plasma deposited photoanodes shows
that the initial slope of the quantum efficiency - voltage
curve is usually lower for the plasma deposited photoanodes
than for the single crystal anodes. As a result, a higher

potential is required for the plasma deposited anodes before
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the maximum quantum efficiency is reached thgn' for the
single crystal anode. This is true even though the maximum
quantum efficiency may be higher for the plasma .deposited
photoanode.,

Quantum efficiency - voltage results for the two films
deposited onto the polished titanium substrates discussed
above are given in Figures 56 and 57. Their properties are
similar to thosevfor the unpolished photoanodeé. Therefore,
it seems that surface roughness is not an important factor

for the anodes made in the present study.

3.6.9 Thickness Effects

An optium tbickness exists for photoanodes. | This
optimum is determined by the optical | and eléctronic
properties of the material., A film that is too thin can not
absorb all .of the incident light while a f£ilm that is ‘too
thick imposes unnecessary 6hmic losses and additional
trapping and/or recombination problems.

For the purpose of further examining the film thickness
dépendence of the photoresponse for the plasma deposited
photoanodes, three photoanodes were deposited under
identical parameter settings but for differing lengths of
time. The films that were obtained had thickness of 1.0
microns, 2.2 microns, and 4.0 microns., Quantum efficiency -
wavelength curves for the three films are shown in Figure
58. The 2.2 micron film has better photoelectrochemical

properties than the 1.0 micron film and the 4.0 micron film
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over the entire spectrum. At wavelengths 1less than about
385 nm, the 1.0 micron film has much higher gquantum
efficiencies than the 4.0 micron film., Thus, these anodes
show the expected behavior.

Additional differences between the 4.0 micron film and
the other two filmé are 1illustrated by the quantum
efficiency - voltage propgrties. Figures 59 and 60 show the
properties for the 1.0 and 2.2 micron films; the properties
are very similar for the films in terms of thé shape of the
curves and current onset; there are, as stated before,
differences in the peak magnitudes. 1In contrast, the curves
for the 4.0 micron film, Figure 61, have a different shape
and require much higher potentials before the qﬁantum
efficiency begins to increase. In view of these results, it
seems that the optimum thickness 1is approximately 2.0

microns for those deposition conditions.

3.6.10 Photoanode Parameter Estimation

The Gartner model (122) of depletion layer photoeffects
in semiconductors has been used by several investigators to
calculate the carrier concentration for photoelectrodes
(123-126). This model predicts the total photocurrent as a
sum of the current for carriers generated within the
depletiqn region and the current due to carriers generated
in the adjacent bulk material which diffuse into the
depletion region. In formulating the model, surface

recombination and depletion layer recombination are
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neglected. 1In addition, no corrections are made for the
effect of the photogenerated carriers on the bending of the
energy bands and on the depletion layer thickness,

When simplified for application to the semiconductor -
electrolyte junction, the equation for the Gartner model

used by Kennedy et al. (125) is

= - - - 1 .
n 1l exp(-aW) (1 + aL) _ (9.)

where n is the quantum efficiency, « ié the absofption
coefficient, W is the depletion layer width, and L 1is the
minority carrier diffusion 1length in the bulk of the
semiconductOr.’ By definitibn, the minority carrier

diffusion length is

L = (D7) %-3 , (10.)

where D and T are the minority carrier diffusion coefficient
and 1life time, respectively. Thus, L is partially
determined by the bulk recombination rate, The depletion

layer width is given by

W= (2ke/(eN) P53 (v - vg, )05 (11.)

where k 1is the dielectric constant, € is the vacuum
permitivity, e is the electron charge, N 1is the majority

carrier density, V is the electrode potential, and vfb is
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‘the flatband potential. Substituting Equation 11' into

Equation 9 and the taking the natural logarithm yields

in(l = n = -a(2ke/(eN)) 03 (v - vfb)o's- In(l + oL) (12.)
A plot of 1n(l-n) as a function of ﬂﬁﬂ%b ) - gives a
straight line with '

slope = - a (2ke/(eN)) _ (13.)
intercept = -1n(l1 + oL) (14.)

Thus, using the equations given above along with quantum
efficiency - voltage data, dielectric coﬁstant; absorption
coefficient, and flatband potential, values of the carrier
density (electrons} for n-type semiconductors) and the
minority carrier (hole) diffusion length can be estimated. .

- Kennedy et al. (124) estimated carrier densities of
barium titanate pressed - pellet photoanodes and also
calculated the carrier densities using capacitanée
techniques and Mott-Schottky plots. The carrier densities
predicted by the model were higher than those given by the
Mott-Schottky calculations, but weré of the same order of
magnitUde..

. A computer program was written to fit the experimental
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data for the present study to the linearized Gattner model,
Equation 12. The calculated slopes and intercepts‘were used
to estimate the electron concentration and the hole
diffusion length for the plasma deposited titanium dioxide
photoanodes. A listing of the program is presented in the
Appendix. The input data for the calculations were (1)
absorption coefficient calculated from the transmittance
measurements (Section 3.4), (2) dielectric constant
‘calculated from the capacitance measurements (Section
3.5.2), (3) the flatband voltage based on photocurrent
onset, (4) and quantum efficiency - voltage data.

Typical outputs from the program are shown in the
Appendix. The data used for two of those examples weré from
the quantum efficiency - voltage curves for the 333 nm light
shown in Figures 55 and 56 . Using the data in Figure 535, a
carrier density of 1.3 E 23 per cubic centimeter and a hole
diffusion length of 37 nm were found. The data from Figure
56 gave similar'results of 1.1 E 24 per cubic centimeter and
a hole diffusion length of 35 nm, By comparison, single
crystal rutile has a hole diffusion length‘of 1000 nm (127).
Thus, the diffusion lengths obtained from the model for
plasma deposited photoanodes "seem” reasonable for
polycrystallihe films, However, the predicted carrier
‘densities for the films are large when compared to the
resisitivities of the films,

For n-type semiconductors, the carrier density and

resistivity are related by the equation
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resistivity = (uNe)~1l- | ’ (15.)

where M is the electron mobility, N is the carrier
(electron) density, and e is the electron charge (97). From
the modeling calculations, a typical carrier density is 1.0
E 23 per cubic centimeter. ~Based on the electronic
measurements from Section 3.5.2, a typical resistivity for
the photoanodes is 1.0 E 6 ohm-cm, Using those values,
Equation 15 gives an electron mobility of approximately 1.0
E -10 sq cm / volt-sec. This value is nine orders of
magnitude lower than the value measured for polycrystalline
rutile  (24). Apparently, the Gartner model over predicts
the carrier concentration and does not apply to the plasma
deposited photoanodes.

If it is assumed that the electron mobility for the
plasma deposited titanium dioxide approximately equals that
for bulk polycrystalline rutile, then a value of the carrier
concentration can be estimated. Using Equation 15, a
resistivity of 1.0 E 6 ohm-cm, and a mobility of 0.1 sq cm /
volt-sec, the calculated carrier density 1is approximately
1.0 E 14 per cubic centimeter. Thus, the photoanodes
fabricated in the present study probably have a low carrier
density compared to that usually used for rutile photoanodes
(1.0 E 17 to 1.0 E 20) (22). As a result of the low carrier
concentration, these plasma depbsited photoanodes should

have a large depletion region. Thus, a large fraction of
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the incident light is absorbed within the depletion region,
and high quantum efficiencies are obtained -- even for the
longer wavelengths (360 nm and above).

There are several possible explanations why the Gartner
‘model does not apply to the photoanodes fabricated in the
present study.- According to Wilson et al. (127), the
assumption that the photogenerated charge carriers do not
significantly alter the bending of the energy bands in the
depletion region |is 'valid for current densities of 1
microamp per square centimeter if the carrier density is at
least 1.0 E 16 per cubic centimeter. 1In the present study,
the current densities were approximately 5 microamps per
square centimeter and the carrier densities; as étated
above, are probably less than 1.0 E 16 per cubic centimeter;
therefore, oné of the requirements of the model is not met.
In addition, as a result of the 1low carrier density, the
- depletion region is very large. Using Equatidn 11, k%160,
and N=1.0 E 16, the calculated depletion layer thickness 1is
greater than the f£film thickness. Consequently, the re-
combinations that occur for these films are either within
the depletion region or at the surface; both of those pro-
cesses are neglected in the Gartner model.

Clearly, a model that is more complex than the Gartner
model is required to describe the photoanodes fabricated in
the present study. Models that account for surface and
depletion region recombinations and light intensity effects

have been developed by other investigators (127-130) .
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However, those models require additional parameters (mainly
recombination rate. data) which are usually unavailable.
Thus, without additidnal data, these models would be of
limited use in analyzing the photoanodes fabricated 1in the

present study.
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4.0 CONCLUSIONS

1. DEPOSITION RATE

Thin films of titanium dioxide can be deposited at
temperatures ranging from near ambient to 700 C using a glow
discharge to enhance the reaction rate between titanium
tetrachloride and oxygen. The deposition rate depends on
the deposition conditions, and rates as high as 0.3 microns
per minute can be obtained. The activation energy for the

plasma enhanced reaction is 0.12 eV/atom.

2. COMPOSITION

SIMS and AES show that chlorine is present in the.films
deposited at low temperatures (200 C and below). Chlorine
is undetectable in films deposited at or above 400 C and in
any film that received a 600 C ahneal in oxygen. AES shows
peak-to-peak oxygen to titanium ratios ranging from 1.24 to

1.47.

3. FILM STRUCTURE

Depositing the films onto glass substrates yields
amorphous films (i.e. no x-ray diffraction peaks) for
temperatures less than 300 C, anatase at 300 and 400 C, a
mixture of anatase and rutile at 500 C, and only rutile at
600 C and above. This same progression in stfuctures occurs
for sodium chloride, silicon, sapphire, and titanium

substrates, but the temperatures differ for each substrate.
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Generally, all of the crystalline films show some preferred
orientation.

Transmission electron diffraction patterns and
micrographs of films deposited onto sodium chloride at 300 C
suggest that the films are amorphous and agree with the
x-ray diffraction results, Electron diffraction patterns of
the films deposited onto sodium chloride at 700v C show a
high degree of preferred orientation. .

For the temperature range examined in the present
study, the titanium dioxide films deposited onto sapphire
substrates have the largest crystallites (some as much as 5
microns long). These are anatase films and are obtained at
400 C. In general, larger crYstallites are obtained aﬁ low
rf power (10 watts or less) than at high rf power (100 watts
or greater).

Titanium dioxide films deposited onto titanium
substrates show the presence of rutile at a lower
temperature than that for the other substrates, Films
plasma deposited onto titanium at 600 C have larger, better
- oriented (columnar growth) crystallites than the films
thermally grown on titanium at 700 C. |

Selectivity between anatase, rutile or a mixture of the
two occurs in the films is believed to be related to the
energy and energy distribution of the nucleation sites, Thé
energy ofathe sites is believed to be a characteristic of

the substrate material and the temperature.

The plasma deposited titanium dioxide films have
/
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crystallites that are larger than those obtained at
comparable temperatures by CVD. This behavior suggests that
the plasma may also enhance the crystallite growth,
Considering the 1large grain size and high degree of
preferred orientation, it may be possible to obtain plasma
deposited epitaxial titanium dioxide films at lower
temperatures than is required for other deposition

techniques.

4. OPTICAL PROPERTIES

Optical properties for the plasma deposited titanium

dioxide films are analogous to those for titanium dioxide

films made by other methods.

5. ELECTRONIC PROPERTIES

Dielectric constants for titanium dioxide' films

deposited at 200 - 250 C are between 25 and 30 while the 600

C deposits have values of approximately 160. The presence
of chlorine in the amorphous films alters the capacitance -
voltage and current - voltage properties of the films. The
chlorine acﬁs as an eleétron acceptor; thus, the carrier
concentration 1is reduced, and the films have "better
dielectric properties than the films containing little or no

chlorine.

6. PHOTOELECTROCHEMICAL PROPERTIES

Plasma deposited titanium dioxide photoanodes can be
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fabricated which have quantum efficiencies (60-80 %)
comparable to those reported for.single crystal rutile., The
deposited anodes have higher quéntum efficiencies than the
thermally grown titanium dioxide anodes prepared in the
present study. The difference in long wavelength
photoresponse for the  deposited films and the thermally
grown films occurs as a result of the larger, better -
6riented grain structure of the deposited films (i.é. fewer
recombination sites). The chlorine exposure 6f the
deposited films during the deposition may also contribute to
the superior photoresponse of the deposited anodes --
particularly for the shorter wavelengths (less than 350 nm),.
This is supported by the observed increaﬁe " in photoréspose
| of thermally grown anodes after being annealed in a chlorine
- helium mixture. The improvement in photocurrent is most
significant for wavelengths 1less than about 350 nm,
Apparently, the chlorine exposure reduces the surface and/or
grain boundary recombination site densities.

There is an optimum thickness for the photoelectro-
chemical properties of the plasma deposited photoanodes
which depends on the deposition conditions., The optimum
thickness was 1.5 to 2.0 microns for films depbsited at 600
C, 10 watts rf power, and an oxygen to titanium
tetrachloride ratio of 9.

Based on resistivity ﬁeasurements, the anodes prepared
in the'present study have low carrier densities (less than

1.0 E 16 per cubic centimeter). This low carrier density is
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probably an important factor in making these photoanodes

unsuitable for analysis using the Gartner model.
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5.0 FUTURE WORK
5.1 Plasma Enhanced Deposition And Photoelectrochemistry
The most important advantage of plasma enhanced

deposition for making photoanodes is the possiblity of
synthesizing new materials with the necessary 'optical,
electronic, and chemical properties for efficient
photoelectrolysis. As mentioned earlier, there have been
efforts to extend the wavelength sensitivity of titanium
dioxide - (50,52-54,58,59) by incorporating additional
elements that could, hopefully, reduce the . effective
bandgap. Except for fluorine addition, all of the elements
added were cations. The cation is largely responsible for
~ the energy 1level of the conduction ‘band; for tiﬁanium
dioxide the conduction band is determined by the titanium 34
band (24). Efforts to introduce another d-band 1level by
adding other cations has resulted in minimal improvement in
the photoresponse (52,55,58). |

.'It may be possible to'increase the wavelength response
. of titanium dioxide by changing the energy at which the
valence band edge;is located. The valence band for titanium
dioxide is determined by the oxygen 2p energy level (24).
By adding elements to the titanium oxide that are anions, it
may be possible to reduce the effective bandgap. Some
elements that may serve this purpose are nitrogen, sulfur,
selenium, tellurium, and phosphorous. The ionic radii for
those elements are larger than fhat for the oxygen .-2 ion.

New compounds made by these elemental additions would
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necessarily have structural properties that are different
from those for pure titanium dioxide. The possibililty that
these elements can lower the bandgap of the resulting oxide
is further supported by the fact that the titanium nitrides,
sulfides, and tellurides have bandgaps that are smaller than
that for pure titanium dioxide (136). Some prospective
reacticns for synthesizing new titanium compounds are listed
in Table 8. It should be possible to carry-out all of these
reactions using a glow discharge with greater ease and
versatility than can be achieved by other -deposition

methods.

5.2 Plasma Deposition And Titanium Dioxide Epitaxy

The present study suggest there is a possibility of
plasma depositing single crystal thin films of titanium
éioxide at lower temperatures than ié required for CvVD.
Further work in this area is needed and should include
additional studies of the effect of rf power, used} during

the deposition and the descum cycle, on the film structure.
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Table 8. Prospective Reactants For Anion Incorporation Into.'

Titanium Oxides By Plasma Enhanced Dep051t10n

- ‘Anion o | Reactants Desired Product
ﬁitrogéﬁv o TiCl, + O, + NH3 . TiO.N,
sulfur . Y | -Tioxsy

w " " st n
jPhosphorogs " _f o PHS . ._ Tioxpy~
Selenium o SeFg '._TiO*SeY

o " " 3 o .
_Tellur1um | - : TeE‘6 | v_TleTey
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X-ray diffraction data for anatase

X-ray diffraction data forlrutile

Electron diffraction calculations
Experimental conditions used in series for
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Computer calculations using data from Fig. 56

180



181

N

o ™ o

RATE '(moles/min)*los
H

0 1 L L 1 |
40 60 80 100 120 140 160
ROTAMETER READING (ss ball) '

| : xBL 828-628I

Fig. 62. Titanium tetrachloride rotameter calibration.
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Table 9. Lamp Spectrum

Wavelength Photon Flux
(nm) (microamps/sq cm)
408 20.00
385 : 2.45
363 . 28.50
340 2.26
333 10.37
311 15.82
303 10.83
296 7.15
288 2.53

248 ‘ 2.38



Table 10. X-Ray Diffraction Data For Anatase (132)

Bragg Angle 2 theta (deg):

Cu k alpha Fe k alpha
25.3 31.9 .
37.0 47.0
37.8 48.1
38 0'6 4901
48.1 61.6
53.9 69.4
55.1 71.0
62.1 80.9
62.7 81.7
68.8 90.5
70.4 92.7
74.1 98.3
75.1 - 99.9
76.1 "101.5

a ()

3.52
2.431
2.378
2.332
1.892
1.700
1.667
1.493
1.481
1.364
1.338
1.280
1.265
1.251

- Relative

Intensity

100
10
20
10
35
20
20

4
14
6
6
2
10
4

183 -

hk1l

101
103
004
112
200
105
211
213
204
116
220
107
215
301



Table 11.

Bragg Angle 2 theta (deg)

Cu k alpha

27.4
36.1
39.2
41.2
44.1
54.3
56.6
62.8
64.0
65.5
69.0
69.8
72.4
76.5
79.8
82.3
84.2

X-Ray Diffraction Data For Rutile (132)

Fe k alpha

34.7
45.8
49.9
52.5
56.3
70.0
73.2
8l.8
83.6
85.7
90.8
92.0
95.9
102.2
107.5
111.7
115.0

d (A)

3.25

2.487
2.297
2.188
2.054
1.688
1.624
1.480
1.453
1.424
1.360
1.346
1.304
1.244
1.201
1.170
1.148

Relative
Intensity

100
50
- 8
25
10
60
20
10
10
2
20
12

o OV N B N

184
hkl

110
101
200
111
210
211
220
002
310
221
301
112
311
202
212
321
400
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Electron Diffraction Calculations

Methods for analyzing transmission electron diffraction
patterns have been reported in the 1literature (86). The

interplanar spacing can be obtained using the equation

Rd = A | | (16.)

where R is the radius of ‘the  ring in the diffraction
pattefﬁ, d is the interplanar spacing for that ring, A is’
the wavelength of the electron beam, and L is the distance
between the specimeh and the photographic plate. The
product of the wavelength and L is known as the camera
constant. In the present study, the camera constant was
determined using the diffraction pattern of an evaporated
gold film and the reported d spacings (132). The camera

constant was found to equal 1.707 angstrom - centimeters,
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Table 12. Experimental Conditions Used In The Series For
Increasing Anatase Grain Size

Deposition Temperature 400 C

No. Descum Rf Deposition Titanium Oxygen He
RF (watts) RF (watts) Tetrachloride - (sccm)
: (rotameter)
1l 10 10 77 8 - no
2 10 10 77 1 no
3 100 10 77 8 no
4 100 ' 10 ' 77 1 no
5 10 10 ' 60 1 no
6 10 10 95 1 no
7 5 5 : 77 1 no
8 0 10 77 1 no
9 5 5 77 8 no
10 5 5 65 1 no
11 100 5 65 1 ho
12 5 5 80 -1 yes
13 5 5 80 8 yes
14 5 -5 52 1 yes
15 5 5 53 . 8 yes
16 5 5 82 1l yes
17 5 S 80 1 no
18 5 S 52 1 no -

i



ex

Computer Program For Parameter Estimation

FEM §$¢§#$$#§§#§§f++¢¢+9+¢¢$§$§§§r#*i
FEM $es¥¢ SIMPLE SCHOTTEY HUDEL #"ﬁ#
FEM $#$4$$44668 008400 ¢
FEM #¢% HOTE LIHES luu—l_u
FRINT "3"

FRINT “SIMFLE SCHOTTEY MODEL "
FRINT

FRINT Y“MWUMEER OF EHOWH FOIMTS™.
IHFUT H

FGOR. I=1 TOH

mEAD FYOI0 HEXT

DRTA 9.8.4.1.8.2.8.5.8.4.8.9
FOr I=1 TOH

FEARD FICIN HEXT

IRTA .44,.46,.49,.?1- 53,5959

O (XN NN NN L ey
(AL O DU O (A ]
MDA NI DA O RN

=
Dol

b e P e e 1T
AL AN N Y X 1

INFUT “"FLATEAHD ESTIMATE":FE
THFUT "FHOTCOH FLUS".FF

O IMFUT "WAVELENGTH". WL
o IMFUT "AES ORFTION CUEFFI‘IEHT“;HC'

INFUT *DIELECTRIC COMSTRHT",DC
INFUT "HUMEER OF ITERATIGHS" hI

pay
xX

VA0S T foa 058 000 0T £ P

- R e
DDA DA DDA RN o)

'l

DoF 'Oy Oy O 0 OGN B e f B G Gt 0 a0 G 68 0 (a0 S8 Da o s o o

OO OO IR wn

UL\I-“E‘L”
=CWCCH M, S

W]

-3 =)
AN

LB ACAEAE S XA AR N AT AR I ¥ X
ey
o
Tty T
t

SIS o 20T

X\

01 ERSE=1 3Bt

o T
ORI IUR MoUI DX (D

e vt et ettt etk Bk B L R X RN R B

o8 R2=TM
40 [F HI=0 THEWN 1z£6
O IF F2t,Si=0,3560 THEH 1154
G0 G0 TO 12668
108 IF IH=:HI THEM l'u
129 FRINT “ITER HO. = "JIN."CORE. =".SQF(RZ:
140 FE=FE+D, 41
158 IH=IH+!
126 60 TQ 430
Z00 FRINT TERPIPEFEEEREES PSSP SR 0"
220 FRINT "esee¢ LID HOT COHVERGE ¢
T4 FRTHT 16600060 sbbbbdbdéddbodddididid”

REM ## INFUT "AREAY NUHEEF FOF FIR:ZT PGINT". FF
FEM ##% INFUT "RRERAY HUMEER FOR LAST FOIHT".LF
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PO TR Y UL DR N XN (N
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!
=3

1424
1448
1458
148
1564

Szo
15440
15:a
1588
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3 PRINT -FREINT “"FCE) =" A:"+ ("JE: "% s

FPRIMT "COEFFICIEMT OF .

FRINT "DETERMIMRATION"

FREINT "(Rt2r= "iRZ

FRINT

FREIMT “COGEFFICIEHWT OF .

FRINT “CORRELATION=":SQRIREZ

FREINT

FRINT"ZTAHLARD ERROR COF EST®.

FRINT "IMRTE=".S0R(ESH=-Z00

FRIHT "CARRIER CONCEWTRATICH".HD."FER CUEIC CEMTIMETER" FREINT
FRIMT "HOLE DIFFUSION LEMGTH".HL. "CEMTIMETERS" (FRINT
FRINT "FLATEAWD".FE,"WOLTE 5 ZCE"®

FEINT :FREINMT :FRINT .

IHFUT "LC YOU WANT A HARED COFY? JashO, 1sYESH " HD

IF HC=G THEH END

FRIMT :FRINT

1éas INPUT "TITLE FOR LATA *"; 7%
1€28 OFEH 7,4 FRINTH#?7

1243 PRINTHT,
£ PRINT#HT:

&8 FPRINTH#Y.
PRINT#7 .
FRINTHT .
Tag FRIMTHY .
28 FRINT#H7V.,
T4 FRINTHE#T.
FREINT#7 .
FRINT#7.
FRINTH#T.
FRINT#7
FRINT#7.

FRIMTH#Y.
FRINT#H#V .
1 FRINTH#T
8 FRIMT#T,
@ FRINTH#T
20 FOR C=1
0 FRINTH#T
48 MHERT

CLOsE 7

T$:FRINTH#T - FRIMT#7 -FRINTH#7, "SIMPLE SCHOTTEY MOLEL"
FRINTH#V. "FHOTO FLUX".FF. "MICEOAMFS FER &3 CMYFRINTH#T
"WAVELEMHGTH" Wb o "HM" (FRINTH#T

YRESORFTION COEFFICIEHMT".AC, "FER CENTIMETER™ FREINTH#TV
"TDIELECTRIC COHSTAWT".DC :FRINT#F

"FLATEANHD = ",FE."WOLTS W3, SCE:FRIMTH#T

"CARFIER COMCEMTRATION .WD."FEF CUEIC CEWTIMETERY FREINTH#T
"HOLE DIFFUSION LEMGTH".HL. "CEHTIMETERS® (FRINTHT

e o= "BV H +P L ACFRINTET

"COEFFICIEHMT QF .

YCORRELATIOH=" . SR {R2)

"STAMDARD ERFOR OF ESTH.

T " IMATE=" S SERCES CH=20 0
" MCOEFFICIENT OF M.

“OETERMINATICON"

"(RYZ2a= “.RZ

FRINT#V -FPRINTH#T."DATA TARAELE" FRINTH#T
YHUMEER" ., "FOTENTIAL™ . "CURRENT" . "FHI" . "2E"

TO H

SO PO, QI KPCC:  RECC

Z0 OFEM 7.4:CMDFT:LIST
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' Computer Calculations

SIMFLE SCHOTTEY MODEL
FHOTO FLU -
HHUELEH@TH 33T
RESORFTION COEFFICIENMT
DIELECTRIC COMSTAMT

FLATEAMND = -
CARRIER COMCEMTRATION
HOLE DIFFUSIOH LEHGTH

W= - EIEEZFESE

COEFFICIEWT OF CORRELATION=

STAHDARD EFFOF OF ESTIMATE=
COEFFICIENT OF DETERMIMATION

CRT20= L S3EEeET43

DATR THELE

HUMEEF: FOTEMTIAL
1 5]

y

4 o3

5 .4

6 .S

.
. s os o1
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Using Data From Figure 55

MICFEOAMFS FER & CM
178860 FER CENTIMETER

VOLTs va, sCE

1. ZB1EFELI4E+ES FEF CUEIC CEMTIMETEFR

3. ETSASMEAE-0E CENTIMETERS

#1+ - 4ES3E43ET
L FEEST1EE
5. TIIEGIETE-D3

CURREHT FHI GE
3 3 .65
g5 i | 6
€7 1 LT
& 1. £8
.63 1. 65
.7 1. 7

e
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Computer Calculations Using Data From Figure 56

LEF 145F

SIMFLE SCHOTTEY MGIDEL

FHOTO FLUX 1 MICROAMFS FER 23 CH

WAVYELEHGTH 333 HM

AESORFTICH COEFFICIENT 170060 FEFR CENMTIMETER

DIELECTRIC COMSTANT 1= _‘

FLATEAMD = -3 OWOLTE WS, 3LE

CARRIER CONCEHTRATION 1, 8821 4232E+24 FEF CUEBIC CENTIMETER
HOLE DIFFUSIOM LEWGTH 3. Z54ETEZSE-GE CEMTIMETERS

Yy = . 21ERZETIT $ 5+ - 430408345

COEFFICIEHT OF CORRELATION= ,367Voedlsy
STAMDARD EFFOR OF ESTIMATE= ©,74526183E-62
COEFFICIENT OF LETERMIMATIGH

(RTZr= L FI8Z085E7

DATA TRELE

MUMEER: FOTEWTIAL CURREHT FHI RE
1. & .47 plo] A7
z 1 L] » 955 3
3 o2 5 1,40 o $5
4 .3 .43 1.85 .43
S o4 .43 1.10 s
& .S .S 1. 145 S
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