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ABSTRACT

PHOTOSTIMULATED OXYGEN AND WATER VAPOR REACTIONS
ON
SEMICONDUCTING TITANIUM DIOXIDE SURFACES

by

Thomas John O'Neill, Jr.

Submitted to the Department of Materials Science and
Engineering on May 4, 1984 in partial fufillment of the
requirements for the degree of Doctor of Philosophy.

The photostimulated surface phenomena and their relationship to
the electrical, optical and chemical properties of real titanium
dioxide surfaces were investigated. Variations in the Ti0, work
function, the activity of surface electronic states and the surface
bonding configurations due to the adsorption and desorption of oxygen
and water vapor species have been identified. These changes can be
attributed to the charge transfer chemisorption of electronegative
species with unoccupied donor surface states. Adsorbate interactions
with Ti0, surfaces were found to be irreversible, although the original
surfaces could be reclaimed by the photo-depopulation of surface
states and the desorption of adsorbed species in UHV.

For the present studies, single crystal TiOZ with no intentional
impurities was doped n-type by vacuum and hydrogen reductions. This
resulted in differing bulk donor defects which in turn influenced the
surface behavior. A procedure for producing reproducible experimental
surface conditions, without resorting to rigorous clean surface
preparation, was developed and utilized as a basis for monitoring those
surface changes due to adsorbate interactions. The results of this
investigation thus provide information applicable to the behavior
occurring in Ti0, photoelectrochemical cells, but at a level more basic
and less ambiguous than can be derived from wet electrochemical cell
measurements.

Contact potential difference measurements were employed to
monitor the charge transfer occurring at the semiconductor surface
during adsorbate interactions. The results of these measurements are
first phenomenologically presented in terms of Ti0O, work function
fluctuations, and then analyzed to yield information on the change in
surface charge associated with surface state populations and the
surface electron affinity. X-ray photoelectron spectroscopy was used to
monitor changes in the surface bonding arrangements of chemisorbed
species.



The initial effect of ambient exposures to TiO, surfaces is to
decrease the work function of the material. This decrease is
interpreted in terms of the simultaneous charge transfer chemisorption
of electronegative species and the surface electron-hole recombination.
The amount of exposure necessary to saturate such chemisorption surface
reactions varies with bulk defect type, illumination conditions_and
interacting ambient. These exposures spanned the range from 10° to
greater than 1012 Langmuirs. Optical stimulation of energy greater than
that of the TiO, band gap was necessary to produce surface state
depopulation and desorption reactions. Optical stimulation alone could
not produce flat band conditions, due to the high density of surface
states.

Modelling of the photostimulated adsorbate interactions involved
the delineation of three different sets of surface states: Ti surface
states similar to conduction band states, 'I‘i3+ defect states associated
with surface oxygen depletion and, Ti states effected by chemisorbed
species. Adsorbate interactions were confined to the Ti surface states.
Fluctuations in their densities occurred with ambient exposure, bulk
defect type and illumination conditions.

Ti states on the semiconductor were continuously distributed in
energy below the conduction band, had short relaxation times and large
effective hole capture cross sections, similar to conduction band
states. Ti’* defect and adsorbate-effected states both had 1long
relaxation times (several minutes). Shockley-Re?g r%fombination
igaly%is reveale%*hole capture cross sections of 10 cm“ and 5 x 10

cm® for the Ti” defect states and the adsorbate-effected states,
respectively.
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Dr. Harry C. Gatos, Professor of Electronic Materials.

Dr. Jacek Lagowski, Senior Research Associate.
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Chapter 1: INTRODUCTION

Recently, wide gap semiconductors, among them titantium dioxide,
have received considerable attention as potential electrodes in
photoelectrochemical fuel cells.l=13 sych cells show promise of
inexpensively converting solar energy into electrical energy or
storable chemical fuels. In the case where the photoelectrochemical
cell employs an aqueous solution, hydrogen gas may be derived as a
storable product. Difficulties in understanding the mechanisms by which
photoelectrochemical cells operate, and the limitations by which these
operating mechanisms are constrained, have hindered the development of
such cells.

To illustrate the present understanding of how a
photoelectrochemical cell (PEC) functioms, a simplified cell apparatus
and accompanying energy diagram are shown in Figure 1.18-10 This cell
consists of an n-type semiconductor anode and a metallic cathode
immersed in an aqueous electrolyte and connected externally. Because of
the difference in work functions between the semiconductor and
electrolyte, and the presence of electrically active surface states on
the semiconductor, an analogue of a Schottky barrier is formed at
semiconductor-electrolyte interface. Electron-hole pairs generated by
light of energy greater tnan the band gap of the material are separated
by the field of the barrier. Photogenerated electrons move away from
the surface, into the bulk and then by the external circuit to the
metallic cathode. Photgenerated holes in the semiconductor accumulate
at the semiconductor-electroltye interface. The charge carriers thus
separated may be used to drive electrochemical reactions at the

interface.

13



A insulating N
h'V 4 1 encapsulont \Q
~N A \
\%«\\ 1 \
i \
§ N
! \
n-lype 4 metallic N
/
anode cathode \
= N
ogueous electrolyte
"/q
Ec ﬁr
3 2H"+ 26 1, — o
[}
hy 123eV
20 ook o, ron*

_

3

ﬁ r/
\:<<::;; N
n=lype anode aqueous electrolyte W

Fig. 1.1 Schematic Photoelectro-

chemical Cell and Energy
Diagram

efollic  cathode

14



The reactions which occur in the electrolyte determine whether
electrical or chemical energy is produced by the cell.11-13,15 ¢ ¢he
anode, holes may be transferred from the semiconductor surface to the
(Hy0/0,) solution level where 0, is liberated according to the reaction
2h* + Hy0 —» 1/2 0, + 2E*. (1-1)
Simultaneously, electrons injected into the electrolyte at the cathode
may drive either of two reactionms:

28" + 2¢” — H, or (1-2)
28" + 1/2 05 + 2¢” — H,O. (1-3)
If reaction (1-2) occurs, then the overall cell reaction is

Hy0 — Hy + 1/2 0y (1-4)
and hydrogen is produced as a storable product. If, on the other hand,
reaction (1-3) occurs at the cathode, no change in electrolyte
composition will be realized. In this case, the only usable energy
produced is that made available by current flow in the external
circuit.

In addition to these productive reactions occuring in the_
electrolyte, further reactions are possible which may cause the
degradation of the cell materials, particularly the semiconductor
anode. For this reason, the semiconductor anodes most often used in
these photoelectrochemical cells are oxide materials.’~9:12,14,16 i
class of materials generally exhibits long term stabilties in the harsh
conditions of oxygen evolution in electrolytes having a large range of
pH. Unfortunately, these materials have band gaps too large to
effectively utilize much of the solar spectrum. Furthermore, the band
bending occurring at the semiconductor-electrolyte interface is often
insufficient to readily separate all tne photoexcited carriers created

in the surface region. Despite these efficiency limiting constraints,

15



photoelectrochemical cells show promise as alternative energy sources,
primarily because of their modest system requirements and their ease of
fabrication with readily available materials. Moreover the
understanding of the reaction mechanisms of photoelectrochemical cells
employing oxide semiconductor anodes will provide a basis critical to
the development of materials better suited for use as electrodes in
such cells.

In this investigation, non-standard techniques for surface
analysis will be utilized in an attempt to elucidate information
concerning the reactions of water vapor and oxygen on TiO2 surfaces. By
using these techniques, the changes in the Ti0, surface electronic
properties are unambiguously monitored during photostimulated oxygen
and water vapor interactions. The reference surfaces to be used in
these studies are to be created by means less rigorous than those
employed in common vacuum characterization studies (LEED, UPS, etc.).
Thus, the reactions occurring on these reference, or control surfaces
provide a bridge between TiO, vacuum studies and wet electrochemical
cell investigations. At the same time, the utilization of such control
surfaces provides information on the adsorption and desorption of
oxygen and water vapor on Ti02 at a level more basic than can be
derived from wet electrochemical cell measurements. In this fashion,
the nature of photo-catalyzed reactions at semiconducting Ti02 surfaces
is to be investigated.

This thesis reports on the investigations of light stimulated
reactions involving oxygen and water vapor on single crystal, n-type
titanium dioxide (Ti0,) surfaces. The present chapter serves to

introduce the historical context in which these investigations have

16



been carried out, namely, in relation to photoelectrochemical cell
applications.

The second chapter of this thesis presents a survey of previous
investigations on Ti0, surfaces. Also included in this chapter are
important data generated from wet, photoelectrochemical test cells, and
a brief review of the chemical physics of the semiconducting Ti0,p-
liquid interface. This chapter is intended to provide a pertinent
background in the propérties of TiO, surfaces and the reaction
mechanisms of these surfaces as they are presently understood.

Chapter three is a statement of the motivation and scope of this
thesis.

Chapter four is a description of the sample preparation,
apparatus, measurement techniques, experimental and data analysis
procedures used in this research.

The fifth chapter presents the results of experimentation. A
phenomenological presentation of the data is first made, wherein
changes in the surface electronic parameters are reported. The findings
are then discussed in terms of microscopic effects where changes in the
surface electronic structure, surface recombination velocity, and
surface state capture cross sections are presented.

Chapter six presents the conclusions resulting from this work,
and recommendations for further work based upon the results of this

investigation.
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Chapter 2: LITERATURE SURVEY

In this chapter information regarding the photoelectrochemical
reactions catalyzed by semiconductors, particularly TiO,, is briefly
reviewed. Findings from previous Ti0, photoelectrochemical cell
investigations are first summarized and the importance of surface
states on the semiconductor is indicated. The electrochemistry at the
Tioz—electrolyte interface is then reviewed. The influence of surface
states, and of impurity states in the semiconductor bulk are next
discussed. Surface phenomena observed in vacuum studies of TiO, are
presented. Theoretical considerations concerned with the
photostimulated behavior and charge transfer at generalized
semiconductor surfaces are outlined. It is necessary to review these

topics in order to clarify the nature and impact of this research.

2.1 Iigz Photoelectrochemical Cells

The energy diagram of Figure 2.1, as determined by previous
investigations, shows a photoelectrochemical cell (PEC) wherein n-type
Ti0, is employed as the semiconductor anode. Contrasting this diagram
with that of Figure 1.1 illustrates the difficulties involved in using
this material for the conversion of solar energy to electric current or
hydrogen. The band gap of 3.02 eV allows the semiconductor to use only
the ultraviolet portion of the light spectrum to create photogenerated
carriers. The separation of these carriers by the electric field of the
Schottky barrier is limited by the small amount of band bending which
occurs at the semiconductor surface.?»11:12,14,17 The reaction for the
production of B, by the reduction of protons lies very near the

semiconductor band edge and generally above the Fermi level of the

18
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semiconductor.?>17 Hence it is unlikely that without external bias the
electrons from the metallic cathode can be used to drive the reaction
to produce hydrogen as a chemical produCt.17’18 Electrons from the
cathode will more likely be involved in the reduction of oxygen and
protons according to reactioa (1-3), particularly if there is oxygen
present in the electrolyte near the cathode. This mode of operation
generates a current in the external circuit which is available for
electric work.

The discharge of photogenerated holes from the TiO2 anode to the
electrolyte determines the stability of the semiconductor against
corrosion and may also be the rate determining step in the operation of
the photoelectrochemical ce11.11'13’19 As shown in Figure 2.1, several
reactions may compete with the oxidation of water according to reaction
(1-1) for the consumption of photogenerated holes. The stability of

Ti0, in aqueous electrolytes, as reported by many researchers,7—9’13'

16,20,21 ;5 gue to the prevention of holes interacting with the

dissolution reactions detrimental to the semiconductor.
Under iliumination, the driving force for anodic reactions
occurring at the TiO,-electrolyte interface can statistically described
*

be described by the lowering of the quasi-Fermi level for holes, pEf .

Under steady state, non-degenerate conditions this is given by
pEs” = Ey = kTln(p;/N,) - KTin(p"/p;) (2-1)
where p; is the intrinsic, bulk hole density; p* the local
concentration of photogenerated holes; and N, is the density of states
in the valence band. If, under illumination, pEf* at the surface drops
to below the reaction level for the oxidation of water, but is still

above the energy levels for the dissolution reactions, corrosion of the

semiconductor will not occur while the desired oxidation becomes
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poss:’.ble.u’lz'22 Thus, Gerischer has postulated that the stability of
Ti0, against photodecompostion is due to kinetic, rather than
thermodynamic conditions: the H,0 oxidation by holes at the surface
occurs so fast that pEf* at the surface does not exceed the critical
energy level where the crystal decomposition may occur.ll

The mediation of charge {photogenerated holes) at the Ti0,-
electrolyte interface by surface states may also explain the stability
of TiO, against photocorrosion. As shown in Figure 2.2, several
transitions may occur by which these acceptor surface states may become
populated by holes. Illumination with light of energy greater than
that of the band gap may produce holes in the valence band whick are
transferred to the surface states. It may alternatively be possible to
excite electrons trapped at the surface states to the conduction band
with less energetic light. Due to their different generation
mechanisms, it is expected that these processes will occur at different
rates. In particular, the nature of the surface states on Ti0Oy may

influence the charge transfer mechanism at the semiconductor surface.

2.2 Semiconductor-Liquid Interfaces

The chemical physics which underlie the phenomena occurring at
TiO, interfaces in photoelectrochemical cells will, in this section, be
briefly outlined. Such a review is neccessary in order to visualize the
photostimulated reactions of interacting species on the Ti0, surface. A
comprehensive review of the electrochemistry occurring at generalized
semiconductor-liquid interfaces is provided by the texts of
Morrison?3:24 and the references cited therein. This section summarizes
some of the key features of the semiconductor-electrclyte interface as

they have been presented in these works.
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2.2.1 Double Layers

Charged planes or space charge layers almost inevitably form at
any interface including the semiconductor-liquid juncture. These lead
to electrical double layers, consisting of layers of positive and
negative charge, with regions of high electric field between or within
these charged layers. Such double layers dominate the electrical and
chemical processes occurring at the surface, such as carrier
recombination, photovoltaic effects and the charge exchange at the
surface. Three distinct double layers appear at the semiconductor-
electrolyte interface, each involving charged planes or space charge
layers and each characterized by a double layer voltage. The origins of
these double layers are now described.

The three double layers occurring at the semiconductor-
electrolyte interface are indicated in Figure 2.3. They inclide first a
semiconductor space charge double layer; second, a Helmholtz double
layer, between the solid and the "outer Helmholtz plane", the distance
of closest approach by non-adsorbed ions to the surface; and third, the
Gouy-Chapman double layer in the solution in which an excess of ioms of
one sign exists.

Corresponding to these three double layers are four regions of
excess charge. First we have the space charge region in the
semiconductor. In the case of n-TiOz, the excess positive charge is in
the form of uncompensated donor defects due to the electrons being
captured by surface states or transferred to species in the
electrolyte. This results in a depletion layer near the surface of the
n-Ti0, and the formation of a Schottky barrier analogue at the surface.
The physics and analysis of this semiconductor space charge region is

not unique to electrochemical applications and is dealt with in detail
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by most semiconductor texts. A review of the photostimulated behavior
of this region is given in section 2.5.1. The next region of excess
charge appears on the solid side of the Helmholtz double layer. In the
case of non-degenmerate Ti0O,, the charge at this inner Helmholtz plane
arises due to bulk electrons trapped at the surface states, and the
charge associated with adsorbed ions or dipoles. The actual location of
charge at the inner Helmholtz plane may not be distinguishable, with
the charge in each case residing in the same bonding orbitals of the
surface atoms. The outer Helmholtz layer presents the next layer of
charge, which originates in the accumulation of mobile ions from the
liquid at the distance of closest approach to the semiconductor. Due to
the attraction of the sheet of negative charge at the inner Helmhotz
plane, this outer Helmoltz plane will be positive in charge. The ions
attracted to the outer Helmholtz plane do not suffice to compensate all
the charges on the electrode, and the residual electric field directed
normal to the surface results in a final charged reegion referred to as
the Gouy-Chapman layer. The width of this region depends on the
concentration of ioms in the solution, and becomes appreciable only for

dilute solutions.

2.2.2 Interfacial Interactions

2.2.2.a Surface States

Localized energy levels at the semiconductor surface stem from
several sources: states intrinsic to a uniform surface, Lewis sites
(orbitals that can share electron pairs, which can be acidic or basic),
and surface states arising from foreign adsorbing species.

On reasonably covalent semiconductors, intrinsic surface states

arising due to dangling surface bonds are termed Shockley surface
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states. These states arise from a symmetric termination of the electric
potential at the surface. A significant overlap occurs between
neighboring dangling orbitals causing the splitting of the resulting
"molecular orbitals" into bonding and antibonding states to which
acceptor and domor activity, respectively, can be attributed. The
broadening of such levels into bands is expected by quantum effects
because of orbitals overlapping with each other or with the bands of
the solid. Surface heterogeneity can also give rise to a spectrum of
energy levels appearing as a band.

The surface of a2 more ionic compound semiconductor will have
ionic surface states, or Tamm states, intrinsic to the surface. These
Tamm states are associated with an assymmetric termination of
electronic potential at the surface. A surface lattice oxygen ion of
Tioz, surrounded by less than its normal complement of cations will
give rise to surface electrons of energy higher than that of the bulk
(valence band) electrons simply because of the lowered electrostatic
attraction from neighboring cations. When the surface is neutral, these
states are occupied, hence they represent donor levels. These levels
are essentially valence band orbitals perturbed by the electrostatic
interaction into the energy gap at the surface. They will probably form
a band of levels for the same reasons discussed above for the Shockley
states. Analogously, unoccupied energy levels for the titanium surface
cations will be acceptor states which will be located below the
conduction band simply because the surface cation has fewer neighboring
anions than a bulk cation.

Lewis sites are another type of surface states on an ionic
semiconductor which are important because of their chemical reactivity

with the adjoining electrolyte. A Lewis acid site is attractive to
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electron pairs from an adsorbing molecule; a Lewis base site is able to
donate electron pairs to an adsorbing species. These Lewis sites are
not normally comsidered to be electronic surface states inherent to the
ionic semiconductor. They are distinguished from ionic (Tamm) surface
states in that for ionic states we are interested in the exchange of
unpaired electrons between both the energy bands of the solid, the
surface states and the adsorbing species. Measurements of the
properties of Lewis sites requires the adsorption of electron pair
donor or acceptor molecules and hence are not observable on clean
surfaces. Although Lewis acid/base interactions do not themselves
accept or donate electrons from the bands of a semiconductor, their
effect at the semiconductor-liquid is significant in two ways. First,
they contribute to an ionic double layer at the surface (Helmholtz
layer) such that a surface with a high density of Lewis acid sites
will, for example, become negatively charged. Second, Lewis activity
causes adsorption and passivation of surface sites that would otherwise
be active ionic (Tamm) surface states. For example, surface 0~ would
tend to be intrinsic ionic donor states, bu the presence of a proton
interacting with the electron pair of this Lewis base site will tend to
stabilize an electron at the O:H™ complex site.

Adsorbed electronegative species, species which tend to give up
or accept charge, form a third class of surface states. They can act as
donors or acceptors and they will have surface state energy levels
associated with their bonding and antibonding levels. For example,
weakly bound 0, molecules on a semiconductor will form strong acceptor
states characteristic of the free molecule. If, on the other hand, a

strong bond forms between the surface and the adsorbed species, the
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resultant surface states are determined by the complex formed and need
not be closely related to the properties of the isolated adsorbing
species. The broadening of adsorbate surface states may not be
appreciable if there is little physical overlap of the wave functions
of the adsorbate-surface complexes. The adsorbate levels may however
appear to form a band because of surface heterogeneities, making the
energy of each adsorbate molecule somewhat different from that of its
neighbors.

2.2.2.b Fluctuating Solution Energy Levels

Mobile ions in solution which are within tunnelling distance of
the semiconducgor can exchange electrons with the energy bands of the
solid. The correspondance between the equilibrium solution energy level
for an ion, and the adjacent active energy levels of a semiconductor
may not always be appreciable, as is shown in Figure 2.2. The
mechanisms by which the energies of ions in solution are modified, so
that isoenergetic electron tunnelling may occur between the
semiconductor and the solution ions, involves the modification of
either the ions surrroundings or its charge.

The description of energy levels associated with ions in solution
is more complex than is encountered in semiconductor physics because of
the effect on electronic levels of the ions by their surrounding
polar solvent. The dipoles associated with the solvent molecules are
able to move and rotate much more easily than in solids. As a result of
thermal fluctuations of the solvent dipoles, the potential at the ion
fluctuates and the energy level of the ion flucuates about some most
probable value.

Consider the energynEp neccessary to cause flucuations from the

equilibrium polarization of the dielectric around the ion, without
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changing the charge on the ion, such that the charge of the solvated
ion ensemble changes by q(Z+ J), where Z is the actual charge on the
ion. With this polarization energy, the energy Ep is given to a good

approximation by

AE, = X2 where (2-2)
q2 -1 -1

A= —— (K - K ) (2-3)
8%¢a op 8

is a "reorganizational energy" containing the factors K op* the optical

p’
dielectric constant; Ks’ the static dielectric constant of the liquid;
a, the ionic radius and; €° the permittivty of free space. Corrections
can be made to this expresssion using quantum mechanics, but for the
sake of clarity, they are ommitted here.

Using the energy of polarization fluctuation, we can calculate
the energy necessary to reduce an ion in solution in three steps. The
prepolarization shifts the ion's energy level from its equilibrium
position to an intermediate, and as yet, unspecified activated energy
level, E;. Electron transfer from the conduction band ensues with an

energy change of E - E;. The ion now has a new charge, and we let the

i.
polarization of the solvent dielectric to relax to its equilbrium
value, releasing the associated thermal activation energy. Utilizing

the subscript i for for the intermediate activated state of the solvent

dielectric, the three steps of the reduction can be written as:

reaction step thermal energy required

So A* — 5; A% Xiz (2-4)
S; A% + e — §; Azl E; - E, (2-5)
5; A%l - 5 a%l -(1- )2 (2-6)

The total energy change required to transfer an electron to an ion in
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solution is them, with the appropriate changes in the dielectric
polarization,

2 2
A= X‘i - (- $)? 4+ E; -E (2-7)
The energy A must be independant of the intermediate energy level
during charge transfer, E; and we can thus use this relation to

determine a relation between Ei and AE_. Bt determining A for the

P
case where xi”' 0 and E; = E. where E, is the mean energy of the
activated reaction level in solution we find that A= - + E. - Egpe
Inserting this value into (2-7), and solving for xi wve have Ki = (E,
- Ej_)/Z » whence the energy needed to thermally an ion by polarizing
its surrounding dielectric [equation (2-4)] is
4E, = (£ - E))2/4 (2-8)
Equating this energy with the available thermal emergy, kT, of the
system,
(E, - E;)? = 4 )\kT. (2-9)
An evaluation of the value of >\ for an ion with a 33 radius solvated
by water molecules is of the order of leV. Substituting this value of A\
into equation (2-9), it is seen that fluctuations in the energy levels
of ions in solution by the amount of 0.3eV or more may be anticipated.
Fluctuations of the energy levels of ions in solution are also
associated with the change of charge on the ion. If we neglect for the
moment the temporal thermal fluctuations of the energy levels, the
transfer of an electron from the semiconductor to an oxidized species
in solution will result in the dipoles of the solvent dielectric slowly
reorienting themselves around the ion and the removal of some of the
negative poles from the polarization dielectric. This will cause the
potential of the central ion to increase (be more attractive to

electrons) and the electronic emergy of the solvated ion moves slowly
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to a lower level on a band model.

2.2.2.c Adsorption

In general, any oxide surface will have adsorbed water
vapor present in the form of adsorbed protons and hydroxide ions before
immersion into any solution. In the case of adsorption from the vapor
phase, the surface concentrations of H' and OH™ are approximately
equal. Upon immersion into liquid water however, the equal adsorption
of H* and OH™ may no longer be the case. Particular surfaces will
adsorb an excess of one or the other of these species and become
charged positive and negative.

Figure 2.4 indicates the simplest picture of adsorption of water
vapor on TiOy. The OH™ groups are attracted to the Ti surface ions, the
Lewis acid sites of the surface; and the H* ions are attracted to the
oxygen surface anions, the Lewis base sites. Upon immersioa into
aqueous solutions, TiO, tends to adsorb more OH™ ions at the surface
than H* ions, with a pH of 6 necessary to balance the adsorbate charge
at the surface.2> This indicates that a significantly higher
concentration of HY ions ( a factor of 100 times more than [0H™]) is
necessary to balance the populations of H* and OH™ species at the Ti0,-
liquid interface. With this information, one may surmise that the
activity associated with the OH -surface Ti ioms should be considerably
less than the H*-surface O ions.26

The above is a somewhat oversimplified model of the Ti02 surface
in that it ignores surface heterogeneity. More complex and stronger
adsorption of water and its fragments can occur associated with sites
of extra chemical activity on the oxide surface, or at sites of active

ionic (Tamm) surface states. Such sites are to be expected on a
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Fig. 2.4 Simplistic Model for

Water Adsorption on

T102
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heterogeneous surface. For example, in catalysis studies at the gas-
solid interface it is recognized23 that poorly coordinated oxygen ions
at the surface, say at surface steps, provide strong ionic donor
surface states. That is, they tend to give up electrons (or capture
holes) more easily than the more completely coordinated oxygen ioms

aseociated with the valence band.

2.3 Defects in TiO0,

2.3.1 Surface States

The quantum efficiency with which photocurrent is discharged from
the TiO, anode in photoelectrochemical test cells has been reported to
be anomolously high.9’13'17’27’28 In these TiO, PEC's, the transfer of
photogenerated holes at the semiconductor-electrolyte interface to the
oxygen production level [equation (1-1)] has been assessed to be too
large to be simply accounted for by the injection of holes from the
valence band edge into the electrolyte. As seen in Figures 2.1 and 2.2,
little communication is expected between the valence band and the
oxygen production level in the electrolyte since they are separated in
energy by about 1 eV. Thus, to explain the large observed photocurrent
in Ti0, test cells, several authors have suggested the mediation of
charge by surface states on the T102.9’13’17’22’27'29 These surface
states were postulated to lie about 1.7 eV above the valence band, and
act to isoenergetically transfer photogenerated holes trapped from the
valence band to the oxygen production level. It has been pointed out
however, that surface reaction intermediaries in the electrolyte may
alternatively account for the transfer of holes from the valence band
to various reaction levels in the solution.29’30 Such surface charge

intermediaries are to be expected in aqueous electrolytes, particularly
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if there is oxygen dissolved in the solution.27,29 Thus, the high
quantum efficiencies of current discharged at Ti0, anodes in aqueous
PEC's cannot be uniquely be ascribed to the presence of semiconductor
surface surface states.

More substantial evidence for the existence of T102 surface
states can be offered on the basis of the electrochemical behavior of a
broad range of redox couples in aqueous and non-aqueous electrolytes.
After making such studies, Bard 35525?0’31 have concluded that active
surface states are located about 1.8 eV above the valence band of Tio,.
These states were hypothesized by Bard to be donor states activated at
high temperatures and associated with oxygen vacancies or Ti3* surface
atoms.

The presence of these surface states has hindered attempts to
characterize Ti0Oy PEC electrodes by wet electrochemical techniques. In
particular, Mott-Schottky plots have exhibited considerable non-
linearities which are attributable, at least in part, to the presence
of partially populated surface states.31,32 Rigorous surface
preparation procedures have been used to produce Mott-Schottky plots
wherein the influence of surface states, as well as other extraneous
factors, such as surface roughness and doping inhomogenieties, have
been minimized.33,34 Despite these efforts, it is recognized that
variations in the reported values of some surface parameters, such as
flatband voltage, may be large and attributable to both bulk defect
levels and surface preparation procedure.

The influence of surface modification has been investigated by
Tomkiewicz, who has analyzed the capacitance values for Mott-Schottky
plots in terms of an equivilent electric circuit to determine the

distribution of states at the TiOjp-electrolyte interface.3°=37 In
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aqueous electrolytes, the capacitance values have yielded a broad
Gaussian distribution of surface states centered at 1.8 eV above the
valence band, in agreement with Bard's results. But, upon modifying the
surface with alkylsilanes, a different set of surface states, located
near the bottom of the conduction band, is produced. It is seen by
these analyses that the distribution of surface states at the TiOp-
electrolyte interface is critically dependant upon the surface
preparation and enviornment of the Ti0, electrode. Defects in the bulk
may also influence the behavior of the semiconductor surface, and we

turn now to review the literature concerned with this topic.

2.3.2 Bulk Defect and Electromigration Effects

The electronic defects in bulk TiO,, introduced in order to make
the crystal semiconducting, exert an influence on both the response of
the material to optical and thermal stimulation, and the behavior of
the material as employed in photoelectrochemical cells. The basic
defect reactions which occur upon growth and reduction of TiO, (rutile)
crystals are discussed in Appendix B. In this section, the response of
donor defects to optical and thermal exitation as well as
photoelectrochemical cell testing is reviewed.

Bulk defect energy levels within the bandgap of Ti0, were first

38 Gho attributed optical absorption peaks to the

observed by Cronemeyer
presence of cationic substitutional impurities and oxygen vacancy
defects. In this analysis, a simple atomic modelling based upon
hydrogen and helium atoms' ionization energies predicted well the
observed ionization energies as derived from optical absorbtion

spectra. These conclusions were substantiated by further work,39’40

although complications in the optical spectra were also observed in
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highly reduced samples.
Thermoluminescence and thermally stimulated current measurements

made by Ghosh et.a1.41, utilizing a wide ramge of TiO, crystals,

orientations and reductions reproducibly observed a weak luminescence
band deep within the gap of the material, and also eight distinct
shallow (less than 0.9 eV) domor levels. These results were later
analyzed42 and it was determined that the luminescence center, located
™1.46 eV below the conduction band, was associated with interstitial
Ti3* ions, in agreement with EPR results (see Appendix B). These
interstitial ions act as doaors, producing n-type semiconduction
according to the reaction:
[Til 3% — [Ti] ;% + e . (2-10)
The ionization of Ti3* interstitial ions is to be expected as the
lattice titanium ions in rutile have a 4+ valency. Subsequent analysis
of the photostimulated kinetics of this luminescence center yielded an
excited lifetime of 3.6x10> sec and a capture cross section of 5x10~!8
cm2.43 One of the shallow defects was also identified with the first
ionization of vacant oxygen sites according to the reaction:
[Vlg = [Vlp* + e . (2-11)
This defect was found to have a thermal ionization energy of 0.48 eV
while its optical ionization energy was measured with less confidence
as 1.18 eV. Although more investigation is necessary to reconcile these
values, the tentative results of defect levels in Ti02 are summarized
in the band diagram of Figure 2.5.%42

The substitution of trivalent cationic species into Tio,
photoanodes has been theoretically analyzed and compared with

experimental results.4% The effect of A13* substitutional impurities
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was found by this method to increase the hole diffusion length by a
factor of four to“®%4 um, while cr3+ impurities improved the wavelength
response of the photoanodes towards the visible portion of the
spectrum. Investigations to substantiate these claims have not yet been
carried out however. As discussed in Appendix B, the effect of
trivalent cationic subsitutional impurites is to introduce an acceptor
band in the bulk of the material, compensating for the n-type activity
normally associated with TiO,.

Donor defects produced by both vacuum and hydrogen reductions of
Ti0, have been found to electromigrate during photoelectrochemical cell
testing,44'47 although there has been some discussion as to the extent
of this phenomenc‘n.l’8 In general, a gradual reduction in the conversion
efficiencies, and an accompanying deterioration of the surface
morphology of TiO, anodes in PEC's have been observed with continuous
testing. It has been envisioned that this deterioration of Ti0, device
performance is due to the electromigation of positively charged donor
defects (primarily [Ti]i3+, but also hydrogen related defects) under
the influence of the space charge field, to the surface.49~47 Besides
reducing the donor density and thereby changing the space charge field,
the migration of donors to the electrolyte interface has also been
noted to effect the flatband voltage and the T102 work function.‘49 All
of these effects suggest that substitutional rather than interstitial

doping is preferred in Ti0, anodes.

2.4 Vacuum Studies
In this section, literature concerned with surface studies on
TiOy, as performed under vacuum, is reviewed. A delineation must first

be made, however, between clean and real surfaces.
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Clean surfaces are those produced in UHV either by cleavage or by
argon ion bombardment and subsequent annealing. These procedures seek
to produce atomically perfect surfaces without defects, reconstructions
or contaminants as a basis for further study. While these clean surface
studies may provide fundamental information at an atomic level, they
are limited in their applicability by the severe preparation procedures
rarely encounterd in engineering situations.

In contrast to these clean surfaces studies, investigations of
"real" surfaces may employ less rigorous preparation procedures, and
thus may have a broader range of applicability. The criteria that
"real" surfaces must fufill is that they must be procedurally
reproducible and also sensitive to the employed experimental stimuli.
These less stringent requirements for real surface studies introduce
increased experimental flexibility and also serve to enhance the
applicability of the experimental results to a broader range of
engineering situations. Difficulties in the production of surfaces that
are reproducible from an electronic standpoint have hampered such

studies on '1‘102-

2.3.1 Clean Ti0, Surfaces

Clean surface vacuum studies on '1'102 have been hampered by the
instability of these surfaces to the standard preparation procedures,
and also to the stimulating radiation used in these analysis
techniques. The control surfaces used in Auger electron spectroscopy
(AES), low energy electron spectroscopy (LEED), electron energy loss
spectroscopy (EELS), and ultraviolet photoemission spectroscopy (UPS),
are most often produced by Ar* ion bombardment and subsequent annealing

in vacuum, resulting in oxygen deficient surfaces.’0-59 Moreover, the
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ionizing radistion used in the forementioned analysis techniques is
also detrimental to the TiOp surfaces, causing a ioss of oxygen with
prolonged exposure.5°'55'57'58 Nonetheless, vacuum studies on clean
Ti0, surfaces do provide useful information helping to analyze surface
reactions under real conditions.

As determined by LEED patterns, Ti0, surfaces undergo surface
reconstructions during Ar* ion milling and and annealing (see Table
2.1).30,53,54 Ty consolidation of surface dangling bonds produced by
the Ar* bombardment is generally accepted as the driving force behind
these reconstructions.’0,33,54,56,58 rpe rearrangement of such dangling
bonds results in the formation of electronic surface defect states
within the band gap of the material. On perfect, vacuum cleaved
crystals, where no such rearrangement of bonds occur, such surface
states do not exist.’?

Henrich®® notes that low levels of Ar*-induced defect densities
give rise to surface states located 0.7 eV below the conduction band;
higher defect densities increase the number of these surface states,
and further bombardment produces ordering into a metallic Ti,03-like
surface overlayer. While moderate oxygen depletions result in an UPS
peak/™2.5 eV above the valence band, EELS measurements indicate that
the same states lie 0.7 eV lower in energy.50’53’54’56 It has been
suggested that the energy loss spectra is more sensitive to the
electronic structure of the top surface layer, and the assignment of
surface states to a level ™1.8 eV above the valence band is more
correct.%2 This would energetically correlate those surface states
found by these clean surface studies with those surface states found by
the modification of electrolytes in PEC's and by photoresponse

measurements. Intermittent testing of these oxygen depleted surfaces in
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surface

(110)
(o01)

(100)

TABLE 2.1: Ti0O, Surface Reconstructions

structure
(1x1) ie.: stable
unstable:
facets to (110)
and (100)
(1x3)
(1x5)
(1x7)

Data from references 50, 53 and 54.
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reconstuction conditions

600°C anneal in vacuum

600°C anneal in vacuum

600°C anneal in vacuum
800°C anneal in vacuum

1200°C anneal in vacuum



aqueous test cells has shown that reoxidation of the surfaces does
occur, and that the density of surface states associated with oxygen
depletion is thereby reduced.’d The oXygen exposure necessary to

erradicate these defect surface states has been calculated to be about

106 1,.50,56

There is general agreement among researchers that the mid-gap

:3+

surface states on Ti0y are attributable to Ti ions which result from

the oxygen depletion of the surface.20,33,56,58,59 1he formation of

53

these surface states has been formulated by Chung et.al.”” as

(0lg + [Tilgy; = [VIg" + [Tilg;™ + 1/2 0,(g) . (2-12)
In this equation the valences of the oxygen and titanium lattice sites
are 2~ and 4+, respectively, so that the [Ti]Ti_ is a triply positive

3+ surface

ion. With this reaction, the reduction in the demsity of Ti
states upon exposure to oxygen is understood to be the reversible
exchange of charge between surface anions and cations upon the re-
incorporation of oxygen into the lattice.

The adsorption of oxygen and water vapor onto TiO, surfaces
result in changes in the UPS and EELS spectra, indicating the
interaction of adsorbates with surface states.50’51’54’56-58 It has
been found that on oxygen depleted surfaces on which Ti3+ surface
states are present the initial chemisorption of oxygen occurs
dissociatively, and at higher exposures, molecular adsorption
follows.00,391,54,56,57 Tpe exposure at which the dissociative
adsorption is saturated has been recorded as about 100L.7%4,56
Similarly, Hy0 chemisorption is found to occur dissociatively at low
exposures, but molecularly at higher (up to ™1081) exposures, in the

presence of Ti3+ surface states.so’51 It has been noted that the oxygen

and water vapor adsorption scheme depends on the presence of catiomic
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defects: if Tid* surface states are not present, such as on vacuum
cleaved surfaces, dissociative chemisorption does not c:ccur.so’ﬁ’ss’ﬁ'9

Calculations performed to determine the position and character of
surface states formed on surfaces of TiO, have indicated that
antibonding orbitals are responsible for the mid-gap surface states.80-
62 These orbitals largely result from perturbed Ti conductioa band
gtates. Coansequently, they are in agreement with the Ti3* surface
states observed in UPS and EELS spectra.so Calculations have also shown
that oxzygen vacancies located several lattice planes beneath the

surface can also result in the productiSn of these defect states on the

sm:face.62

2.4.2 Real Ti0, Surfaces

The preparation procedures used in the production of
real, reproducible surfaces on Ti0, are not so rigorous as those
utilized in clean Ti0, investigations. While these studies admit to
some ambiguity in the exact atomic nature of the surfaces under study,
their results are quite useful in determining the surface reactions
occuring under conditions more realistic than those of clean surface
studies. Moreover, correlations can often be drawn between clean and
real surface studies.

Electron spin and paramagnetic resonance studies on vacuum
reduced Ti0y pcwders have indicated that the formation of Ti3* lattice
ions are respomnsible for the mid-gap surface states.53:6%4 These states
are formed by a reaction such as (2-12). Moreover, the initial
adsorption of oxygen on these surfaces was shown to occur according to:
[Tilp;™ + 09(g) —= [Tilq; + 0, (ads) . (2-13)

The charge transfer occurring during this adsorption could occur via
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direct (surface state—sadsorbate) or indirect (surface state—s
conduction band—adsorbate) mechanisms. Through the ESR and EPR
measurements, an assessment of the maximum negative electronic charge
charge on the surface of Ti0, doped to mp " 5x1018 cm™3 was calculated
as 7x1012 cp~2,

Photocurrent studies coupled with oxygen reactions on slightly
reduced rutile single crystals were made by Addiss and Wakim.®° This
study suggests that adsorbed oxygen acts as a recombination center with
a very large (many minutes) relaxation time, and that part of the
observed photocurrent can be associated with the photodesorption of
oxygen. Although the detailed shapes of the photoresponse behavior were
not reproducible in these studies, it was ascertained that Elovitch-
type kinetics were not followed by the Ti0,. It was also found that the
exposures of oxygen to TiOz single crystal surfaces increased the
resistivity of the sample relative to those surfaces held in vacuum or
exposed to inert gases. The temperature dependance of this resistivity
change up to™200°C conformed to a linear plot of logyg§P) vs. 1000/T.
Using this data, an activation energy for the resitivty change
associated with oxygen exposure can be determined to be 70 meV.

Contact potential difference (CPD) measurements were made on Ti02
films by Voh166 with limited success. His photovoltage results can be
summarized as follows: 1) upor illumination with band-gap light, a
positive photovoltage is produced (see Figure 2.6); 2) the
photovoltage is proportional to light intensity and; 3) the
photovoltage produced in vacuum was greater than that in air. It was
alsc reported that the contact potential difference increased in

darkened conditions under vacuum over illuminated conditions in air.
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Physisorbed species were found to be desorbed by vacuum and chemisorbed
adsorbates were removed by illumination.%7 In this analysis, Vohl
interpreted the results in terms of a depletion layer barrier at the
Ti0, surface with several types of surface states present on the
surface. No attempt was made to further analyze the data in terms of
charge transfer activity, electronic surface parameter modifications or
surface state characteristics. The nature of the real surface under
study, namely a colloidal film of TiO, particles with an unknown

surface area prevented such assessments.

2.5 Theoretical Considerations

It has been shown that photoelectrochemical reactions occurring
on semiconductor surfaces depend primarily upon the accumulation of
photogenerated minority carriers at the semiconductor surface, and the
transferrence of these carriers from the semiconductor to the adjoining
reaction levels in the electrolyte. In this section the physics
pertaining to these processes will be reviewed , and the properties and

parameters of importance will be made clear.

2.4.1 Photostimulated Semiconductor Behavior near Surfaces

Thecry from semiconducter physics is readily applicable to
photostimulated processes occurring within semiconductors adjacent to
interacting mediums. Recombination at the surface of the semiconductor
in the absence of adsorbate interactions can also be described using
solid state theory. These topics are treated in turn below.

The theory of photoconduction of minority carriers though a
Schottky barrier analogue of Figure 1.1 was first developed by
Gartner,68 and has since been reaffirmed, with minor modificatiomns, by

different approaches to the problem~14’15’69'71 It was recognized that
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the total minority carrier current reaching the surface of the
semiconductor under steady state conditions was due to both the
carriers generated in the depletion layer, and the carriers which
diffuse from the bulk to the surface without recombining. As a result,
the total photocurrent density at the surface of a semiconductor under
illumination and constant reverse bias is given by (see Appendix C for

derivation):

MD
3, = -qr {1-(-2xpla¥) (2-14)
tot g
° 0{ |+aLLP }

where I is the incident light intensity of band-gap photons, & is

the absorption coefficient at energies greater than E W is the

gap’
depletion layer width,72 and Lp is the diffusion length of holes.
Attempts have been made to modify this equation to account for the
surface recombination of holes, and carriers transferred to the
e1ectrolyte.70 These modifications however introduce additional
parameters without physical significance, the values of which have yet
only been derived to fit experimental data.

An additional current due to defect electromigration to the
surface has been observed and modelled by Butler.47 This effect is
however secondary in photostimulated semiconductor behavior, and is not
considered here.

Several factors influence the amount of photovoltage supported by
the illuminated sémiconducton.Gerisher73 has derived the change in
voltage due to illumination under the condition of constant current as
(see Appendix C for details):

AVip = (kT/q) 1n {1- (Lp/Dppy)l I - 1.1} (2-15)
where I is the absorbed light intensity [I = I exp(~-%/d)], I, is the

surface recombination rate, Dp is the diffusion coefficient of holes,
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P, is the equilibrium hole concentration (bulk), and L, is the
diffusion length of holes. While the condition of constant current may
not be satisfied in the system under study, the above equation serves
to indicate those parameters of importance in determining the reaction
of the semiconductor, in the region adjacent to the surface, to
illumination. As is seen, the parameters associated with the
photogenerated minority carriers are critical in determining the

behavior of the semiconductor, as would be expected im 1light of

equation (2-1).

2.5.2 Charge Transfer at Semiconductor Surfaces

The exchange of charge at the semiconductor surface between
active electronic states of the semiconductor and interacting ions from
either liquid solutions or gaseous ambients is fundamental to the
nature of the semiconductor-catalyzed chemical reactions occurring at
the surface. Photogenerated holes at the semiconductor surface can
participate in two events: they can either recombine with unlike
charges at the semiconductor surface, or they can be transferred to
interacting species at the surface. Surface recombination can be
thought of as a special case of charge transfer wherein minority
carriers move to recombination centers at the surface, recombining

with majority carriers.

2.5.2.a Classical Surface Recombination

it is normally assumed in semiconductor physics, as well as in
semiconductor electrochemistry, that the net rate of capture of
conduction band electrons by a surface energy level can be expressed as

dnt/dt = <C> A.n [ns(Nt - nt) - nlnt] (2-16)
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where n  is the surface demsity of electrons [ng = np exp(-qVy/kT)] in
the conduction band at the surface, ng is the density of electrons (per
unit area) in surface state traps, N, is the total density of surface
traps, n; is a temperature dependant emission constant for the surface
traps deterimined by applying the condition that at equilibrium, dn./dt
= 0.23’24’74 The product of the thermal velocity of electrons, <c>, and
the capture cross section of surface traps for electrons, A, is
referred to as the rate constant or capture probability. The two terms
in the above equation represent the flows of electrons from the bulk to
the surface trapping levels and vice-versa. The mechanisms of charge
transferrence are not specified. A similar equation for the net rate of
hole transfer to surface traps is given by

dp./dt = <c> A, (pgny - P1Pe)- (2-17)
In this equation, the influence of photogenerated holes is felt through
the surface density of holes, Pg = Pj exp [(pEf*_ Ei)/kT], which is
defined in terms of the quasi-Fermi energy for holes (Equation 2-1).
Under steady state conditions where the net electron and hole currents
to the surface are equal, equations (2-16) and (2-17) may be equated,

and an expression for O, in terms of the above variables may be

obtained. Utilizing this expression for n, in equation (2-16) yields

2
dn, <o Ay A Ny (ngpg - nypy) (2-18)
dt <c¢> Ap(ng + mp) + <e> Ap(ps *+pp)

Using this expression, one can find the surface recombination velocity
(SRV), which is defined as the ratio of electron (or hole) flow into a
surface area to the excess carrier density (of each respective type,
electrons or holes) in the bulk just beneath the surface. Such an
expression for the SRV can be made in the case of photogenerated holes

recombining at electron occupied surface states on n-Ti0, as:
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n, < A, N .
) + expligte) en(Et)]

(SRV) = (2-19)

E,.- E;
ﬂ;[exp( 'y

In this equation, np is the bulk donor demsity, <c> is the thermal

velocity of holes, Ap the surface state capture cross sectioan for
holes, n; the total number of surface traps, E; the intrinsic Fermi
ievel, E. the surface trap energy level, and Ef,s* is the Fermi level
at the surface under illumination (see Appendix C). Thus the value of
the surface recombination velocity, and in turn the behavior of the
potential distribution in the space charge region (SCR) and at the
surface are dependant upon the surface state capture cross section and
the thermal velocity of holes interacting with these surface states.The
above expression pertains to a steady state situation where the
population of electron occupied surface states existing at a discrete
energy level remains constant. This Shockley-Read expression was first
derived to describe bulk recombination processes, although it was
extended to address surface phenomena.

2.5.2.b Semiconductor-Liquid Charge Transfer

The fundamental idea that catalyzed reactions on semiconductors
may involve the transfer of charge between the semiconductor and the
surface reactants was first put forth by Wagner and Hauffe.’? Further
investigation76 demonstrated that the adsorption of molecules at
semiconductor surfaces involves charge transferrence which results in
the modification of the surface potential barrier. Quantitative models
of charge transfer chemisorption utilyzing Fermi-Dirac statistics for
surface donor and acceptor states due to adsorbed molecules have been

developed77’78 and, under steady state conditions, have resulted in the
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recombination analyses governed by equations such as (2-19).

There are fundamental Qifferences between the steady state
evaluation of net surface recombination processes according to
equations such as (2-19) and the description of charge transfer
processes occurring at semiconductor-liquid interfaces. Charge tranfer
pProcesses cannot be described by steady-state modelling (indeed in
steady state, no net processes occur), and the processes which do occur
are limited by the slowest step in the sequence of occurring events.
The process by which the rate of adsorption on semiconductor surfaces
may be limited is the transferrence of conduction band electrons to
species in solution. These charged species may subsequently interact
with electroactive adsorption sites on the semiconductor surface.

An approximation can be made for the capture of conduction band
electrons by oxidized species in solution adjacent to the
semiconductor.23:24 Utilizing an integration in the thermal energies of
conduction band electrons from Ecb to (Ecb + 2kT), and adapting
equation (2-16) to the situation of a semiconductor-electrolyte
interface wherein the energies of the oxidized species in solution
fluctuate according to the mechanisms discussed in section 2.2.2.b,
Morrison has expressed the rate of conduction band electron transfer to

oxidized surface species as

2
dn/dt = <c>Any exp(-qVg/kT)d[ox](kT/y)) I/eip[-:ffsé—:—E-o}-)]. (2-20)
Here, [ox] is the solution concentration of oxidized species, E,x their
equilibrium energy level in solution, and d is the distance to which
the electrons can tunnel into the solution and combine with the
oxidized species. A preferred value of d is about 15 A. The capture

cross section in this case pertains to that of the oxidized species
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which subsequently bonds at an active surface site.

2.5.2.c Charge Transfer Chemisorption

The interations between a gaseous ambient and the semiconductor
surface during adsorptionm roughly parallel those of liquid
interactions. Some important distinctions are to be made however. The
gaseous oxidized species are not solvated, nor are they in continuous
physical contact with the surface. These species arrive at the surface
at some rate determined by the pressure of the system, becoming
temporarily physisorbed to the surface. Also the fluctuations in energy
of these species do not involve the repolarization of the solvent
dielectric; their fluctuations are related to the thermal energy of the
physisorbed species themselves.

A simple equation for the charge transfer rate developed by

74, and applied to the adsorption of oxygen on surfaces of II-VI

Many
compounds is of the form

dn /dt = M, <c> Aj ng (2-21)
where Mp is the density of physisorbed molecules, <c> is the thermal
velocity of electrons, A, is the surface state capture cross section
for an electron and ng is the surface density of electrons. The density
of physisorbed molecules is reasoned to be constant at a given
pressure thoughout the chemisorption process since physisorption rates
are many times faster than chemisorption rates. Thus, charge transfer
chemisorption occurs between a semiconductor and an inexhaustible
supply of physisorbed molecules proportional to pressure of the
interacting ambient.

As applied to the chemisorption of oxygen on CdS and Zn079,

equation (2-8) yields unphysically small capture cross sections in the
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range from 10729 o 10722 (2, Consequently, Weber®0 has suggested that
chemisorption depends on the overcoming of an activation barrier such
that only physisorbed molecules which are activated by sufficient
thermal energy is isoenergetically capture conduction band electrons
may participate in the chemisorption process. This model was verified
by Lagowski et.aL81 for the chemisorption of oxyger on Zn0O, and
resulted in more realistic capture cross sections of 10-16 ¢p2 for
activated surface states. This thermal activation model is discussed
and developed from first principles in Appendix C. The rate of charge
transfer between adsorbing species and the semiconductor surface is
given by the equation

dn, nf/2 .

s P02 exp(~gA/kT) <> Ay (nyop - nyee) mp exp(-qVg/kT)  (2-22)
where P is the oxygen pressure, <c> is the thermal velocity of
eleCtron:, An is the electron capture cross section of the activated
surface state, L P is the total number of surface states participating
in chemisorption, N,cc 18 the number of surface states occupied by
electrons, (—qﬂ?kT) is the thermal activation enmergy term, ny is the
bulk electron density, (-qu/kT) is the surface potential energy
barrier term and ¢ is a proportionality comstant.

Comparing and contrasting equations 2-20 and 2-22 serves to draw
correlations between the charge transfer modelling of the semiconductor
when in contact with solutions and ambients. Many of the terms in these
equations are similar. The number of thermally activated species
present at the surface can, for example, be delineated in each case. It
is only the ambient interaction modelling which indicates a dependance
on the number ari occupation of surface states however. The

investigation of the photostimulated ambient interactions can thus
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serve to provide an increased knowledge and improved understanding of
the reactions occurring at semiconductor surfaces. While this
information may be of immediate importance in photoelectrochemical cell
applications, it is, in a larger sense, important in the fundamental

understanding of reations catalyzed at semiconductor surfaces.
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Chapter 3: MOTIVATION AND SCOPE

The electronic surface properties of semiconductors are prominent
as factors critical in the reactions catalyzed at such surfaces. As has
been mentioned in previous chapters, the photostimulated behavior of
semiconductors can be exploited in solar energy collectors, such as
photoelectrochemical cells, to provide desireable chemical fuels. More
important than this immediate technological impact is the basic
understanding of the nature of reactions catalyzed at semiconductor
surfaces. It is only through this basic understanding that we can hope
to more gainfully utilize semiconductors as catalysts in chemical
reactions. The role of the electronic surface properties of
semiconductors are thus of paramount importance in the determirnation
and manipulation of the processes which occur at such surfaces.

The study of the role of semiconductor behavior in the reactions
occurring at their surfaces has largely proceeded along two fronts:
the direct study of semiconductor-electrolyte interfaces in solutions
containing electroactive species; and the investigations of ambient
interactions on clean, vacuum prepared surfaces. Both of these methods
provide a wealth of information within their own regimes, but each
suffer from limitations inherent to their particular approach to the
problem. Wet electrochemical cell studies suffer from ambiguities
arising from the interactions of a surface dipole layer, and the
constant altering of the exact status of the surface by ongoing
reactions. Clean surface studies are limited by their rigorous
preparation techniques which may produce surfaces bearing little

resemblance to those encountered in engineering situations. Also these
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clean surface studies employ ambient exposures low small to adequately
descibe those processes occurring in situations of technological
importance.

The motivation behind this thesis is to identify the effects of
illumination and adsorbates upon the properties of useful, reproducible
surfaces of semiconducting titanium dioxide, to present the physics of
ongoing surface reactions occurring in such situations, and to discover
more of the true nature of real TiO2 surfaces and their properties.

In addressing these objectives, this thesis is the next logical
step in semiconductor surface research. This thesis seeks to
investigate the behavior of Ti0, surface reactions, which will provide
insights not possible by either the wet electrochemical cell or clean
vacuum approaches. The approach to be taken here will be to use
reproducible titanium dioxide surfaces on which the variations in the
surface electronic properties due to illumination and a wide range of
ambient exposures are measured via the contact potential difference
technique. Correlations between clean surface studies and wet
electrochemical cell measurements will be made, and attempts to
reconcile information both of these methods will be undertaken. The
photostimulated ambient interaction effects upon the surface potential,
electron affinity, surface electron energy states, surface
recombination velocity, and the surface bonding arrangements arekthe

relationships to be measured and analyzed.
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Chapter 4: EXPERIMENTAL PROCEDURE

4.1 Sample Preparation

The sample preparation procedure utilized in this study,
particularly the surface preparation technique, has been critical to
this research insofar as the ensuing experimental procedures and
results are dependant upon routinely obtaining a reproducible surface
to be used as a basis for experimentation. The sample preparation
outlined in this section is not a haphazard recounting of the
procedures used. Rather, the steps utilized in this preparation have
been painstakingly developed in order to obtain a surface which is
reproducible, sensitive to illumination and ambient exposures, and can
be reclaimed after photostimulated reactions.

Single crystal titanium dioxide crystals (rutile) as grown by the
Verneuil flame fusion technique were utilized in this study. A
nominally stoichiometric rutile boule containing no intentional
impurities was obtained from Commercial Crystal Laborat:ories.8
Subsequent chemical analysis of the boule revealed the following trace
impurities (by weight percent): 0.30Z Al; 0.03% Cr; 0.009Z C and less
than 0.012Z Si. The aluminum and chromium impurities act to introduce
acceptor levels in the energy gap of the material, partially
compensating for the vacant oxygen (domor) activity (see Appendix B).
As recieved, the crystal was translucent with a slight yellowish tint.

Samples were oriented using the back-reflection Laue t:echnique83
and cut perpendicular to the c-axis (+ 2°) usirg a guillotine wire saw
and a cutting slurry of 600 grit (20 um) SiC powder in light oil.

Typical sample dimensions were lcm x lcm x O.lcm. To minimize the
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impact of impurity concentration fluctuations within the as recieved
boule, all samples were cut from the same region of the crystal.
Samples were reduced in various pressures of hydrogen to induce n-type
conductivity (see Appendix B). The reduction of samples under one
atmosphere of hydrogen was done in a carbon filament furnace using a
continuous flow of purified hydrogen. Reduction of samples in reduced
pressures of hydrogen was done by back-filling quartz ampoules
containing the samples with the requisite pressures of hydrogen. The
ampoules were sealed and subsequently heated in a tube furnace. All
sampiles were held at the reducing temperature for 48 hours to insure
sample homogeneity, and they quickly cooled to prevent the out
diffusion of donor defects. The temperatures and pressures of
reduction ranged from 350°C to 700°C and from 1 atm to 10~8 atm,
respectively. The coloration of the samples thus treated changed to a
translucent light bluish-green. This color was retained by the samples
throughout the following polishing, cleaning and surface testing.

All samples were polished prior to any characterization
procedure. An acetone-soluable thermoplast wax (Crystalbond) was used
to affix the sample to a flat metal disc which was then mounted onto a
polishing block assembly. Rough lapping of the samples was performed
first by use of 20um sandpaper and then by the use of a Spm optical
garnet powder slurry on a flat plate. Rough polishing was done on a
Rodel type-204 synthetic polishing pad on a polishing wheel using a
0.5pm alumina slurry. Between each step of this polishing procedure,
the polishing assembly was thoroughly cleaned with DI water to remove
any residual polishing grit. Each step of this mechanical polish was
continued until all traces of previous steps were removed from the

surface. During mechanical polishing, approximately 200um of surface
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material was removed. The removal of this amount of surface material
insures the removal of any surface layers from which donor defects may
have out-diffused during the cooling of the samples after reduction.

The final polishing of the samples was done on a polishing wheel,
again with a Rodel-204 polishing pad, and a solution of Nalcoag 1030
colloidal silica from the Nalco Chemical Company.84 The colloidal
silica was diluted 1:2 with DI water. Samples were polished until all
surface damage, as inspected at 140x magnification by Nomarski
interference contrast, was removed, and a mirror finish was produced.
Typical final polish times were 40-60 minutes.

After achieving a mirror finish, the samples were removed from
the metal discs by gentle heating (™80°C) and the residual wax removed
with EG acetone. The samples were then cleaned by repeated rinses in DI
water, EG trichloroethylene, EG acetone and EG isopropyl alcohol.
Samples were dried in a room temperature nitrogen gas stream. Gross
surface contaminants were then removed from the samples by a 30 minute
cleaning ia a 5N NaOH solution at 80°C. Following this cleaning,
samples were again rinsed in DI water and EG isopropyl alcohol, and
dried in nitrogen.

Four ohmic contacts made with clean In metal were symcetrically
soldered at the sample periphery. Gold wires (0.003" dia.) were
soldered to the contacts. Contacts were tested for ohmic (resisitive)
behavior with an I-V curve tracer. The specific resistivty of the
samples was determined using the van der Pauw technique.85

Gold wires and indium contacts were then removed and the surfaces
of the samples were then again polished (both sides of the samples were

polished at this time), rinsed, cleaned, rinsed again and dried per the
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above procedure.

The samples were cantilevered from a small piece of glass using a
silver paste (conductive epoxy). The glass acted as a insulator and a
spacer such that the metal of the sample manipulator would not
influence the contact potential difference measurements. The glass
standoffs were then attached, again by means of silver paste, to a
piece of malleable copper sheet (see Figure 4.1). Care was taken not to
allow any electrical shorting to occur between the Ti0, samples and the
copper sheet via the silver paste. The copper sheet-glass-TiO,
assemblies were then mounted on a copper carrousel. Indium contacts
were soldered to the back sides of the cantilevered Ti0, samples. Gold
lead wires from the samples were connected to adjacent terminals to
minimize the strain on the contacts. Further connections were made
using anodically anodized aluminum wire. The sample carrousel was
placed into the vacuum chamber via a 6" OD port. Further electrical
connections to the samples were made via the electrical feedthroughs on
the sample manipulator to which the carrousel was attached. The copper
carrousel was grounded through one of these feedthroughs so that

interfering effects on the measurements were minimized.

4.2 Apparatus

The vacuum system used in the contact potential difference
measurements, with the exception of the main chamber itself, is the
Varian model 981-1000 low-energy electron diffraction (LEED) system
(Figure 4.2). This system is composed of a 140 liter/second ion pump
which is throttled by a butterfly valve, a zeolite charged sorption
pump, & roughing manifold which is isolated from the chamber by a

sealed bakeable valve and a copper-sapphire seal variable leak valve
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Fig, 4.1 Sample Mounting and
Carrousel Arrangement
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between the gas manifold and the chamber. Using this system, controlled
ambient pressures in the ranges from 10-8 te 5 x 10'5 torr, and 10'2 to
0.5 torr could be obtained. Atmospheric pressure of desired ambients
could also admitted into the chamber. The pressures in the chamber were
monitored with Varian ionization and thermocouple gauges.

The vaccum chamber used is an ULTEK model with two 8" ports,
three 6" ports and seven 2-3/4" ports. All vacuum ports were sealed by
copper gasket-conflat flange seals. All instrumentation and samples
were introduced into the chamber via the conflat feedthroughs. The
chamber also had a twelve pin electrical feedthrough, a viewport on an
8" OD flange, a viewport on a 2-3/4" OD flange, and & sapphire window
with an 807 transmission from 0.34pum to 2.5um on a 2-3/4" OD flange.
All external equipment interacted with the sample through these
feedthroughs. A stainless steel bracket was welded to the inner wall of
the chamber so that a Kelvin probe apparatus could be installed for
contact potential difference (CPD) measurements. This apparatus was
placed below the sapphire window such that an optical path was
established for illumination of the sample during CPD measurements. The
copper carrousel was mounted onto a stainless steel rod beneath a
Huntington PM 600-XYZR manipulator secured to the chamber on a 6" 0D
flange. With the manipulator, samples could be placed into a position
adjacent to the Kelvin probe apparatus. Several samples mounted on the

carrcusel could be rotated into position by using the manipulator.

4.3 Experimental Techniques

4.3.1 Measurement of Semiconductor Work Function
The semiconductor work function, ﬂSTiO’ the energy difference
2

between the semiconductor Fermi level and the vacuum level, is measured
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by the contact potential difference technique.86 A gold reference
electrode and the TiOy sample are connected externally and brough into
close proximity such that they form a capacitor. A field exists between
the two "plates" of this capacitor that is proportional to the
difference in work functions between the two materials, and inversely
proportional to the distance between the two plates. As the plates are
moved closer together, a current is generated that is equal to the
difference between the work functions times the rate of change of the
capacitiance (Equation 4-1).

In the vibrating Kelvin probe CPD measurement technique, the gold
probe is attached to a stiff ferromagnetic reed which is vibrated at
its natural frequency by an electromagnet driven by a sinusoidal
function generator (H.P. 3310B, see Figure 4.3). In this manner, the
capacitance is varied sinusoidally, which results in an AC current
flowing between the electrodes. The equation to describe this AC

current is
dC

is= (¢Tio - ¢Au ) ——— wherein (4-1)
2 dt ’
( 9’Ti0 - giAu ) = CPD = contact potential difference, and (4-2)
2
dc &€ A wad cos(wt)
= 2 (4"‘3)
dt [ 45 + 4d sin(wt)]

where £ is the permittivity between the capacitor plates, A is the
effective area of the capacitor plates, d, is the equilibrium spacing
of the plates and, 4d and w are the amplitude and frequency of
vibration, respectively. The area sampled in these measurements is the
effective physical cross section of the boss on the gold probe,

approximately 1l mmZ. In all the measurements taken, the equilibrium
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spacing, amplitude and frequency of vibration were held constant at
values of 0.35mm, 0.llmm, and 94.4 hz, respectively. Thus the time rate
of change of capacitance was the same for all tested samples, and
direct comparison of CPD changes for different samples was possible.
The AC signal from the Ti0y sample a high input impedance, low
noise perational amplifier (Burr-Brown 3542J). The ensuing signal
analysisis shown in Figure 4.3. The signal is calibrated using the
operational amplifier in the differential input mode. A variable bias
voltage supply with a digital readout (Keithly 177) is used as an
opposing input to the operational amplifier. The AC signal from the
operational amplifier is subsequently amplified by a lock-in amplifier
{PAR 124A with 117 pre-amp) driven at the same frequency as that of the
gold probe vibration. Thus, when the output of the lock-in amplifier is
nulled, the bias voltage supply is equal to -(CPD)/q. The CPD value of
the Ti0,-Au pair can thus be read from the digital readout to within
2 meV. The output signal from the lock-in amplifier is monitored with
an oscilloscope (Tektronix 5110), and the variation in the CPD is
contiuously monitored pen chart recorder (H.P. 7044A). Changes in the
CPD are interpreted as changes in the Ti02 work function since gold's
work function is not considered to change under these treatments.8’ The
changes in the contact potential are then due to changes in the
semiconductor's electron affinity, 7CT10’ and surface potential (see
Figure 4.4). Periodically, calibration 2marks are made on the chart
recorder, by using the variable bias voltage supply, and off null

measurements can be made by linear interpolation.88

4.3.2 Measurement of Surface Potential

When the TiO, sample is illuminated with light of energy greate-
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than that of the band gap ( A< 0.4l um), photogenerated minority
carriers accumulate at the semiconductor surface, recombine with
electrons and depopulate surface states. The absorption of light energy
by the semiconductor thus has the influence of reducing the surface
potential barrier by inducing a flux of photogenerated holes to the
surface which depopulate occupied surface states. Under the conditions
where no ambient interactions are allowed at the semiconductor surface
(surface stabilized in UHV), the change in contact potential difference
with illumination thus reflects the change in the surface potential
(see Figure 4.4, AX= 0). By increasing the intensity of illumination,
the hole flux to the surface increases until flat band conditioms are
reached at the semiconductor surface. Consequently, the contact
potential difference should change with increasing illumination
intensity until a saturation occurs where -CPD/q = Vparrier and flat
band conditions are obtained. If a saturation of contact potential
difference does occur, photoconductivity measurements should also be
made under identical experimental conditions, to ascertain if the
photovoltage saturation is consistent with the numbers of free
carriers being generated, and complications due to the heating of the
sample do not arise.79’88

Illumination of the Ti0, samples while being monitored for CPD
measurements within the vacuum chamber, was provided by a 150 watt
Xenon arc lamp (Osram XBO 150W/1 powered by an Oriel 8500 DC supply).
The intergrated intensity of this lamp was measured with a Molectron
pyroelectric radiometer (PR200) to be 1017 photons/cmz-sec. Using Ziess
and Oriel optical bench equipment, the light was focussed onto a 1 cm?

with intensities of up to ™150 mw/cmz, as detected with an Oriel

radiometer (7084).
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4.3.3 Measurement of Surface Electronic States

Surface photovoltage spectra, the spectral response of the
surface potential under illumination with light of various energy, can
be used to locate in energy the optical thresholds for electronic
transitions between the valence and conduction bands and the active
surface states. Thus, the energy positions of active surface states can
be located with respect to the band edges.89 A double prism
monochromator (Ziess 12MM, with #814 quartz prisms) was in cunjunction
with the Xenon lamp to provide a continuous range of monochromatic
light from 2um to 0.25um. To increase the intensity of the
monochromatic light to the sample, a narrow range light filter ( 0.5um
* 0.005um from Thin Film Products) was used to excite most sub~-gap
optical processes (processes with energies less than 2.48 eV).

The effects of ambient exposures on the surface electronic
structure can be revealed by the comparison of surface photovoltage

spectra before and after such exposures.

4.3.4 Measurement of Charge Transfer Activity
The semiconductor space charge region is characterized by its
surface potential barrier, Vg This surface potential is found by using

Gauss' law at the surface to be

2
Q
2 (4-4)

EEO q ny
where Q; is the surface charge per unit area ( coul-cm™?2 ), € is the
dielectric comnstant of the semiconductor perpendicular to its surface,
€, is the permittivity of free space, and n, is bulk free carrier

density. The nature of the surface space charge layer is determined by

the sign and amount of the charge trapped on its surface: with majority
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carriers trapped on its surface, a depletion layer occurs (An inversion
layer may also occur, but the equations deveolped here treat only the
depletion layer situation). An expression for the amount of charge at
the surface can be found in terms of the surface potential, Vs, by
substituting Q = ng q into the above equation to yield

1/2
€e, Ny V
ng = ( 0 ° °) . (4-5)

q

Consequently, the amount of surface charge change, n., associated with
various processes {(changes in illumination conditions, ambient

exposures, etc.), can be found to be

€€o Dp /2 1/2 1/2
Ang =|\—r | Ve, = Vs,i ] (4-6)
q

where Vs,f and Vg,i are the final and initial surface potentials,,
respectively, associated with the process involved. By monitoring the
changes in the contact potential difference under conditions where

= 0 , changes in the surface potential can be determined (see
Figure 4.4). Consequently, the change in surface charge population can
be determined.

The rate at which charge is transferred to the surface of the
semiconductor can be determined by utilizing the time derivative of
equation (4-6). Presuming steady state initial conditions whereby the
time rate of change of surface potential is zero, the surface charge

transfer rate can be expressed as

dn €€, n 1/2
2t -( ° ™) (4-7)

-1/2 Vg,
) 4q / VS’J

dt

dt
where vs,t is the surface potential measured at a particular time t

during the studied process.
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To illustrate the use of equations (4-6) and (4-7) in determining
the amount and rate of charge transferred to the surface, consider the
change in surface charge accompanying the illumination of two surfaces
under ultra high vacuum, one being a surface with no associated
adsorbates, the other being the same surface upon which interactions
with some electronegative species are allowed. Under strong
illumination, the surface potential is measured via the off null-
technique decribed in section 4.3.1. Upon termination of illumination,
different processes may occur. First, both surfaces regain an amount of
surface potential due to the repopulation of surface states by
conduction band electroms. In addition to this crystal relaxation
process, the second surface interacts with the electronegative species
and charge transfer chemisorption proceeds. The amount of transferred
charge associated with the chemisorption process can be determined by
the comparison to the two CPD or surface potential tramsients (vs = -
CPD/q). The crystal relaxation transient {the surface charge change
associated solely with the repopulation of surface states with
conduction band electrons) of the surface potential (Figure 4.5) is
recorded as a CPD tramnsient on the pen chart reccrder. The total amount
of charge transferred is determined from the initial and final surface
potential values [equation (4-5)]. The amount of charge associated with
ambient chemisorption is found by subtracting the surface potential
change under vacuum conditions from that measured in the presence of
an interacting zmbient:

/2 1/2

€EE, n /2 1
2 b; {[Vs,f(amb)] - [Vs’f(vac)] ). (4-8)

dn (ads) =(
q

Similarly, the chemisorption rate associated with an interacting

ambient can be found by comparing the slope and value of the CPD
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transient in the presence of an interacting ambient with the slope and
value of the CPD transient in vacuum. The comparative chemisorption
rate at some time t is given as

dn EE n -1/2 dav_, (amb) -1/2 dv_, (vac)
5.t ( ")l {[vs glamb)] ———— - [V, (vac)] —e— } (4-9)
dt dt

As is seen in Figure 4.5, the change in the CPD during ambient
interactions is larger and occurs more quickly than the CPD change with
no ambient interactions. In the former case, the CPD transient reflects
the processes occurring due to both the crystal relaxation and ambient
interactions. This change is consequently larger and faster than solely
the crystal relaxation transient when the ambient interactions act to
reinforce those changes.

It should be reiterated here that this approach to the
determination of charge transfer activity is dependant upon the
assumption that the electron affinity of the semiconductor surface does
not change during the chemisorption process. Under conditions where
large ambient exposures are allowed to interact with the surface,
particularly in cases where the ambient contains chemical species
different from those of the semiconductor material, changes in electron
affinity may become appreciable. Consequently the comparison of several
surface potential transients, employing a range of interacting ambient
exposures, illumination and vacuum conditions, is necessary to
delineate the surface potential and electron affinity effects, as will

be discussed in sections 4.4.2 and 4.4.3.

4.3.5 Measurement of Surface Bonding Arrangements
X-ray photoelectron spectroscopy ( XPS; also known as ESCA,

electron spectroscopy for chemical analysis) has been the primary
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source of atomic and molecular information within the surface region
50 Z). XPS experiments utilize characteristic x-rays ( Mg R 9»
1253.7 eV ) to photoionize core-type electrons from atoms in this
surface region. This process is schematically shown in Figure 4.6 for
the element neon. The photoionization process produces an excited,
ionized atom and an electron. If the kinetic energy of the ejected
electron is determined, then the binding energy of the electron to its

atomic core can be calculated as:
Binding Energy = (X-ray Energy) - (Kinetic Energy) - v. - Fip (4~10)

where V. is a correction term for the positive charging which occurs on
the surfaces of insulators (typically a few eV) and s p is the work
function of the spectrometer, a known constant (™3 eV). The tinding
energies of these photoelectrons are characteristic of the elements
from which they have originated. Thus the binding energy cam directly
related to atomic species.

The XPS process generates an excited ionized ion. These species
can "relax" by one of two processes: X-ray emission or the Auger
process. In the Auger process, a valence electron drops in energy to
fill a core vacancy while ejecting another electron to create a doubly
ionized atom (Figure 4.6). This Auger electron has a characteristic
energy equal to the difference in energy between the initial and final
energies of the atom. Thus, when a survey scan of binding energy (1000-
0 eV, 100 eV pass energy) is acquired, two different types of electron
peaks can be observed: photelectrons and Auger electrons. A sample
spectrum is shown in Figure 4.7 for titanium dioxide. The photoelectron

peaks and the Auger peaks are labelled, and are listed in Table 4.l.
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Table 4.1 Binding Energies of Primary Photoelectron and Auger

Peaks of TiOz Surfaces using a Mg X-ray Source.

element photoelectron peak (eV) Auger peak (eV)

C 287 (1s) 993 (KLL)
0 531 (1s) 743 (KLL)
Ti 458 (2p) 839 (LMM)

data from reference 90.
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Particular portions of the XPS spectra can be scanned to provide
information on the binding energies of particular species (Figure 4.8).
In this high resolution mode, a lower pass emergy (25 eV) is used to
increase the resolution of the XPS peaks and a 20 eV region about the
peaks of interest are scanned. By measuring the area under the major
photoelectron peaks of each element present, and using appropriate
machine and element dependant correction factors,gl’gz the atomic
composition of the surface region can be determined. Unfortunately, the
error in the atomic compositions as determined by this method is + 10%.
Since the variations in chemisorbed oxygen species used in this study
was less than 107 of the surface oxygen (TiOz) species, compositional
determination using XPS was not pursued.

Using the high resolution XPS mode, information concerning the
binding of various species at the surface can be obtained. Shifts in
the exact position of these peaks result from a change in the chemical
environment of the atom. These chemical shifts are of the order of 0.5
to 10 eV. Chemical shifts are to be anticipated upon the chemisorption
of species onto the surface. In particular, those surface (TiO,)
species most effected by the chemical binding of adsorbates are
are expected to undergo large shifts in energy positions in the XPS
spectra.

The surface sensitivity of XPS can be explained as follows. X-
rays can induce ionization to a depth greater tham a micron in
semiconductors. However, the photoelectrons escaping from the
semiconductor may undergo ineleastic collisions which effectively erase
their characteristic energy. The mean free path of electrons between
ineleastic collisions is a function of their Kinetic energy (see Figure

o
4.9), and is below ™20 A. Thus”™95% of the signal detected for XPS
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peaks is produced by the top 60 A of the semiconductor. This is the
electron energy loss phenomenon which is responsible for the the
surface sensitivity of XPS.

When an insulating sample is examined with XPS, positive charging
(™ few eV) occurs at the surface due to the emission of photoelectrons.
The nature of this phenomena and an absolute referencing technique are
still being debated. To eliminate the binding energy shifts caused by
such surface potential buildup and return the binding energy difference
to the Fermi level cof the conducting standard, the standardization
method of Landis and Martin 93 has been employed. This method
determines precisely the exact energy location of the Au 4f7/2
photelectron peak from a sample reference dot and calculates a shift
factor by noting the difference between the 4f7/2 peak under biased
(XPS operating) conditions and its reference value of 84.0 eV. Such a
shift factor is then applied to the Ti0, sample peaks under the same
operating conditions.9% In practice, the Au reference scans are taken
both before and after the actual XPS sampling is done in order to
account for and monitor any drifting that might occur due to changes in
the surface charging.

To prepare samples for XPS measurements, a 2mm gold dot was
affixed to the Ti0, samples as prepared by the procedure described in
section 4.1. The gold was deposited in a vacuum evaporator using a
stainless steel mask. The gold decorated samples were then attached to
small pieces of glass using silver paste. These glass standoffs were
used to insure that the XPS data taken pertained to the same electrical
conditions as those employed in CPD measurements. The TiOy-glass
assemblies were set and clamped on stainless steel holders for XPS

analysis.
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The Ti0, samples were examined in a Physical Electronics model
548 XPS, Auger and LEED spectrometer maintained at high vacuum ( 1079-
10-10 torr) and interfaced to a Physical Electronics Multiple Technique
Analytic Computer System (MACS). As digitized by the the computer
system, the XPS information can be mathematically massaged to produce
smoothed spectra, and to remove spurious data. Samples are admitted
into his XPS chamber through a low vacuum ( 760 > P > 1073 torr ) entry
chamber which is evacuated by a turbo-molecular pump. This chamber can
be back-filled with gaseous ambients and maintained at pressures in the
range of 10-2 to 0.5 torr. The ability to expose samples to selected

ambients was exploited, as will be explained in section 4.4.4.

4.4 Procedure

In this section the procedures used in the study of the charge
transfer reactions involving oxygen and water vapor on Ti0Oy will be
discussed. It is first necessary to describe the control surface to be
employed in this research, as it is this reproducible surface which
serves as a basis for the the ensuing experimentation.

4.4.1 Control Surface Conditions

For the study of the charge transfer reactions}on TiOz surfaces,
the semiconductor samples were prepared and admitted into the vacuum
chamber as described in section 4.1. The vacuum chamber was pumped to a
pressure of less than 108 torr (typically P~ 10~9 torr). Prolonged
illumination of the samples under white light of and intensity of ™150
mw-cm~2 (one hour illumination) serves to depopulate electrom occupied
surface states by the flux of photogenerated holes to the surface.

During this process, any chemisorbed electronegative species which are

82



associated with the surface states will be released from the surface
and dravn off into the vacuum. Illumination under high vaccum thus
serves to prepare the sample for ensuing ambient interactions with
surface states (Figure 4.10).

Upon termination of the illumination in vacuum, repopulation of
the surface states by conduction band electrons occurs. However, a
portion of this surface repopulation process occurs very slowly.
Preliminary CPD measurements have indicated that it is necessary to
"relax" the semiconductor for a period of greater than 10 hours
following illumination in order to obtain reproducible CPD transients.
This phenomena may be attributable to both the reappearance of the
surface potential barrier upon termination of illumination, or the
existence of states of differing characteristics at the surface. The
nature of these surface states will be discussed in Chapter 5.

The reproducible control surface to be utilized in this study as
a reference is that surface as prepared according to the procedure
outlined in section 4.1, inserted into a vacuum of pressure less than
10~8 torr and subjected to prolonged illumination with white light of
an intensity of 150 mw/cn?. In this illuminated, evacuated condition,
the surface is reproducible and is sensitive to changes in illumination
and ambient interactions. The employment of such a reproducible surface
as a basis for investigation is significant inasfar at it represents a
departure from traditional methods of semiconductor surface study. It
does not employ preparation procedures as rigorous as those used in
clean surface studies (Ar* bombardment and vacuum anneal, etc.), nor
does it employ wet electrochemical cell testing wherein the monitoring

of surface reactions is complicated by the presence of surface dipole
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layers. At the same time, the as-prepared surface reflects conditions
that would be encountered in actual engineering devices. Thus, study of
this control surface can draw on and correlate information from both
clean surface and electrochemical cell studies, attempt to reconcile
differences between the two approaches, and be applied to engineering
situations.

In this research, two cycling procedures have been employed to
study the charge transfer reactions occurring on the Ti0O, semiconductor
surface. Both of these control cycling procedures are initiated by the
production of the real, control surface. They are described in turn

below.

4.4.2 Light Ambient Cycling

A schematic diagram depicting the light cycling procedure is
shown in Figure 4.11. The title of this procedure reflects the fact
that ambient interactions are allowed during illumination of the
semiconductor. The procedure is initiated by the productiom of a
control surface according to the the procedure of the previous section.
Two transients are shown in Figure 4.11: one pertaining to a control
standard where no ambient interactions with the surface are allowed;
one pertaining to the interaction of a hypothetical ambient species
with the surface. The transient for the control staadard undergoes
processes which are related only to photostimulation: no intentional
physisorption or chemisorption of species is allowed, although a
controlled amount of photodecomposition of the TiOp surface does occur.
The quantity to be measured in this cycling procedure is the contact
potential difference of the TiOz— gold probe test cell.

After the control surface on the TiO, surface bas been prepared,
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a controllable pressure of ambient is admitted into the vacuum chamber.
While illumination is on, the CPD value reflects the chemisorption and
physisorption processes occurring at the surface due to the interacting
ambient, and also the depopulation of surface states due to the flux of
photogenerated holes to the semiconductor surface. After 20 minutes the
illumination is terminated, and the CPD transient reflects the
chemisorftion and physisorption processes, as well as the relaxation
processes associated with the repopulation of surface states by
conduction band electroms. After 30 minutes, the chamber is pumped, and
the ambient is removed. During this pumping, all physisorbed species
are removed. The relaxation response of the crystal continues through
this pumpdown period. The pumping time of 10-1/2 hours allows
relaxation of the semiconductor to occur completely, and also reduces
the pressure within the chamber to less than 10~8 torr. As shown in
Figure 4.11, the removal of physisorbed species by the vacuum does not
result in a CPD reponse identical to that of the control standard. This
indicates that irreversible processes due to the interacting ambient
have occurred, and that further steps must be taken to return the
surface to a condition where the effects of adsorbates are eliminated.

After relaxation and pumping of the chamber have been completed,
attempts were made to observe a photovoltage response of the TiO2
surfaces under monochromatic sub-bandgap illumination ( A = 0.5 um). No
response was observed, and consequently this sub-gap illumination
procedure has been ommited from the schematic diagram of Figure 4.11.
The significance of this lack of sub-gap illumination response will be
discussed in Chapter 5.

The final portion of the light cycling procedure involves

illumination of the Ti0y surface under vacuum. During this period, the
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CPD response corresponds to the depopulation of surface states on the
Ti0, by the photogenerated holes, and the desorption of any chemisorbed
species which were associated with those states. After one hour of
illumination in vacuum, all species have been desorbed and the original
control surface has been regained.

The reproduction of the control surface allows the cycle to be
repeated, using a different pressure of interacting ambient. The total
cycle time of about twelve hours allows the completion of two cycles

per day.

4.4.3 Dark Ambient Cycling

A schematic diagram depicting the dark cycling procedure irn shown
in Figure 4.12. This procedure takes its name from the fact that the
ambient interactions are allowed only while the surface is rot
illuminated. The procedure is again initiated by utilizing the comtrol
surface conditions. During the first portion of the cycle, illumination
of the surface is terminated and crystal relaxation proceses occur
while the sample is maintained in UHV. Repopulation of unoccupied
surface states by conduction band electrons proceeds during this
period. In this portion of the dark cycling procedure, the control
standard CPD transient and the ambient interaction transient should be
coincident, as no ambient interactions have occurred.

Ten minutes after illumination has been terminated, a controlled
pressure of ambient gas is admitted into the vacuum chamber. During
this period crystal relaxation and physisorption can occur.
Chemisorption involved with surface states can also occur, as not all
of the active surface states have been repopulated with conduction band

electrons. The subsequent pumpdown of the system allows further crystal
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relaxation in darkness,and the removal of physisorbed species. After
pumpdown and relaxation are completed, the non-coincidence of the
control standard and ambient interaction respomnses indicate
irreversible processes associated with the interacting ambient.

Illumination with light of energy less than that of the band gap
was again tried without response at this juncture. It is consequent ly
ommitted from the cycling procedure schematic.

The final portion of the procedure is identical to that of the
light cycling procedure: crystal exitation and desorption of
chemisorbed species occurs. After ome hour illumination, all species

have been desorbed and the original control surface has been regained.

4.4.4 XPS Experimentation

Cycling akin to that of the dark cycling procedure was utilized
for the XPS experimentation. Samples were prepared in the XPS vacuum
chamber by prolonged illumination in vacuums of less than 10~9 torr.
The surfaces of these samples were characterized by the collection of
high resolution XPS spectra after twelve hours of relaxation in the
dark. The samples were then again illuminated for ome hour in UHV, the
illumination terminated for ten minutes, and the samples withdrawn into
the low vacuum entry chamber. In the entry chamber the samples were
exposed to ambient pressures in the range from 1072 to 0.5 torr for
thirty minutes. The entry chamber was then evacuated, and the samples
return to the XPS chamber under ultra high vacuum. The samples were
allowed to relax 10-1/2 hours before high resolution XPS spectra were
again taken. Comparison of the XPS spectra before and after ambient
exposures was facilitated by the digitalized data and computerized data

analysis programs.
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Chapter 5: RESULTS AND DISCUSSION

5.1 Results

In this section, the results of experimentation are presented.
Preliminary information regarding the bulk properties of n-Ti0,y is
first reviewed. The behavior common to all tested Ti0, samples during
contact pe“ential difference measurements is also presented. The
variations in CPD transients due to interacting ambients are then
introduced: first in phenomenological, Ti0, work function changes, and
then more analytically in terms of the changes in surface charge on the
semiconductor. Information regarding the changes in the XPS spectra of

the surface with ambient cycling are also reviewed.

5.1.1 Preliminary Bulk and Surface Information

TiO, samples were reduced by arnealing in various pressures of
hydrogen at temperatures between 350°C and 700°C. The resistivity of
the samples was measured and, using the relation (7}—) =nep , and a
value of mobility of 0.4 cm2/V-sec,35 a plot of bulk domor density
versus reduction pressure and temperature can be comstructed. This plot
is shown in Figure 5.1. Because of its importance in dictating the
progression of this research, the signifcance of this plot will be
discussed here.

For the two intersecting sheets depicted in Figure 5.1, it is
possible to distinguish two defect mechanisms active for the range of
reduction temperatures and pressures utilized. The donor defect
machanisms possible are those associated with: 1) the incorporation of
hydrogen into the crystal, perhaps as [OH]; complexes, at high hydrogen

pressures; and 2) the loss of oxygen from the crystal at lower hydrogen
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Fig. 5.1 Bulk Donor Density vs.
Reduction Parameters.
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pressures, resulting in vacant oxygen sites which ionize to [VTO. For
the production of these different defects, we must consider the
diffusivities of hydrogen and oxygen in Ti0, at the reduction pressures
and temperatures employed.

The small size of the diffusing hydrogen species (either
molecular or atomic) compared to that of the diffusing oxygen species,
allows one to surmise that the diffusivity of hydrogen in Ti0, will be
greater than that of oxygen. Considering then the limiting case of
oxygen diffusion in TiO,, two possiblities avail themselves for the
observed homogeneous dopant distribution. Either the dopant diffusion
is truly homogeneous thoughout the sample, or the diffusion effected
surface layer was removed by the polishing procedure. If we take as an
estimate of the depth of the diffused layer the expression
1= (pl/2 (5-1)
and utilize the sample thickness (0.1 cm), and the amount of material
removed by the polishing procedure (200 um) as the pertinent lengths
involved for a 48 hour anneal, one may determine the necessary limiting
oxygen diffusivities for each of these cases.

The removal of 200 um of oxygen diffusion effected material by
polishing would imply an oxygen diffusivity of less than 2 x 10'9
cmzlsec. For the case of homogeneously effecting a Ti0, sample of 0.l
cm thickness, an oxygen diffusivity of 5 x 10-8 cm?/sec or larger would
be necessary. The value oxygen diffusivity in the c-direction of Tio,
(rutile) under the reduction conditions employed in this study is
subject to dispute. Several authors suggest values of oxygen

diffusivity less than 10-10 cmzlsec in these situations,95’96 while

others97,98 make assessments in the range of 1076 cmzlsec. The
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effectiveness of producing oxygen related defects by reduction at
temperatures and pressures utilized in this study is thus subject to
question. The diffusivity of hydrogen in these cases is large enough to
homogeneously effect the samples. The retention of the light blue-green
color, imparted to the samples during reduction, throughout the
polishing procedure substantiates thie assessment.

The reduction of TiOz samples under low pressures of hydrogen may
not result in donor defects related to the out-diffusion of oxygen. In
the reduction of Ti0,, it is the ratio of the water vapor to hydrogen
pressure which determines the variation in the oxygen/titanium ratio in
the material.?® Also the effective oxygen pressure changes in the range
of reduction pressures used may not be large enough to clearly
delineate a regime where oxygen related defects may dominate.??
Nevertheless, the minima in the bulk donor density depicted in Figure
5.1 indicates that there is some change in the dominating bulk donor
defect at hydrogen pressures of 1072 atm. The shallow minima does not
necessarily dictate a complete change in the dominating donor defect:
it is possible that some amount of phase change within the TiO, samples
due to reduction contributes to the variatiomn in donor density.99
In light of these considerations, it is not possible to umiquely
ascribe to those samples reduced under hydrogen pressures of less than
10-2 atm any specific dominating donor defect. In lieu of specifying
the dominating defect in this regime, those samples reduced at hydrogen
pressures less than 102 atm will henceforth be referred to as “vacuum
annealed" samples, reflecting the use of low hydrogen pressures.

The reduction of Ti0y in higher pressures of hydrogen also
results in n-type conductivity. The dominant defect mechanism

responsible for this conduction is however subject to
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dispute.35’4l’43’49’100'103 Two active defects are possible: Tf: and
{OH]T). The formation of these active (ionized) defects is more fully
discussed in Appendix B. In all probability, both types of defects
should be active, and it may be their additive effect that gives rise
to the n-type coanductivity present as a result of high hydrogen
pressure reduction. Without attempting to specify the dominant donor
defect mechanism resulting from high PHz reduction, those samples
reduced at P H2> 1072 atm will be referred to as "hydrogen annealed"
samples.

The accuracy of the "hydrogen annealed" and "vacuum anrnealed"
regimes indicated in Figure 5.1 merits comment. The bulk donor
densities depicted in the figure are those derived from resistivity
measurements. It is recognized that in the formula (%—) = nep, that
fluctuations in the electron mobility, P> could also reflect changes in
the donor density. However, changes in the electron mobility would
arise only from the activation of new scattering mechanisms in the
crystal or the repression of active scattering meckanisms. In any case,
the delineation of donor activity into the two regime would still hold.
Unfortunately, the use of resistivity data to imply donor densities is
limited by the accuracy of the value of mobility used in the
calculations. The value of P = 0.4 cmz/V-sec for Ti0, slightly reduced
in hydrogen is subject to errors of + 20% (see Appendix A). While this
assessment of mobility would be reflected in errors in the value of the
donor demsity of at least + 20%, the shape and the intersection of the
surface depicted in Figure 5.1 would remain the same, with only a

change in the scale of the vertical (bulk donor density) axis. Thus,

caution should be advised in the application of the data of Figure 5.1.
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The delineation between the two different types of dominate donor
activity remains clear however.

It has been suggested that the type of donor defect present in
the Ti0,y crystal may influence the photostimulated behavior of the
surface and the photocatalyzed reactions occurring upon it.2 The two
domains of dominating donor activity, as depicted in Figure 5.1 were
subsequently investigated in this research. Hydrogen reduction
pressures of 1 and 10~7 atm were employed to produce "hydrogen
annealed" and "vacuum annealed" samples, respectively. This labelling
is intended only to delineate between the two sets of samples utilized
in this study; it is not meant to specify the dominant donor defects
within each of these regimes.

Constant current photovoltage measurements were employed as a
preliminary measure of determining the reduction temperatures to be
used to produce maximum photosensitivty of the "hydrogen annealed" and
"vacuum annealed” samples. This testing was done in UHV using white
light. Maximum photosensitivity was found to occur for "hydrogen
annealed" samples reduced at 400°C and "vacuum annealed" samples
reduced at 600°C. Bulk donor demsities associated with these samples
were 4 x 1017 cm=3 and 2 x 1017 cm'3, respectively. Sample reduced
under these conditions were the subject of further research. Three
samples of each type were tested using contact potential difference
measurements. All samples of each type were loaded into the vacuum
chamber on the CPD measurement carrousel. Cyclic ambient testing of
each sample was done, with the response of one sample being thoroughly
documented (ambient cycling utilizing a wide range of ambient
pressures) with measurements from the remaining two samples serving to

reinforce the trends identified by the primary sample.
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As measured by the contact potential difference technique, the
surfaces of all samples, as tested in UHV with no ambient interactions,
exhibited two important characteristics. The change in contact
potential difference was approximately linear with white 1light
intensity, and no saturation value of CPD was found. Also no change
in contact potential difference was exhibited for illumination with
light of energy of less than that of the Ti0; band gap. These features
are reflected in Figures 5.2 and 5.3.

The structure of the semiconductor surface which is consistent
with the findings of Figure 5.2 and 5.3 is that the Ti0, surface
contains a number of surface states that 1)camnot:, by sub-band gap
illumination, be activated andZ)are present in a density high enough to
prevent the generation of flat-band conditions by the absorption of
white light of an intensity of ~150mw/cm? by the semiconductor bulk. As
is seen from Figure 5.2, the maximum bulk photovoltage produced by
white light of this intensity i8”™300mV. Consequently the potential
barrier of the depletion region existing at the surface of the

semiconductor is at least of this magnitude.

5.1.2 Ambient Cycling

The following ambient cycling sequences were made for both
"hydrogen annealed" and "vacuum annealed" samples: light cycling, 0,
ambients; light cycling , H,0 ambients; light cycling, (0, + H,0)
ambient; dark cycling, 0, ambients; dark cycling, H20 ambients; and
dark cycling, (02 + Hy0) ambients. The ambient cycling procedures are
described in sections 4.4.2 and 4.4.3, and illustrated in Figures 4.11
and 4.12. The ambient pressures used in these cyclings, and the

exposures resulting from them are listed im Table 5.1.104
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Table 5.1: Ambient Cycling Pressures and Exposures
Pregsure gtorrl Exposure gLangmuirlz
ambient 2C0y) B(#,0) P(total) L(0,) L(H,0)
oxygen 2x10~7 —_— 2x10~7 360 -
2x10™6 — 2x10~6 3.6x103 ——
1073 — 1072 1.8x10% —_—
0.05 — 0.05 9x107 _—
0.5 _— 0.5 9x108 —
760 _— 760 1.37x1012 _—
water _— 5.03x10~2 2x10~7 —_— 8.8
vapor
— 5.03x10~8 2x10~6 — 88
_— 2.52x10~7 10-2 — 442
_— 1.26x10~3 0.05 _— 2.21x106
—_— 1.26x10-2 0.5 — 2.21x10’
— 19.12 760 _— 3.36x1010
oxygen  1.95x10~7  5.03x10™9 2x10~7 351 8.8
plus
vater 1.95x10~6  5.03x1078 2x1076 3.51x103 88
vapor
9.75x107®  2.52x10~7 1077 1.76x10% 442
4.87x1072  1.26x1073 0.05 8.78x107  2.21x10%
0.487 1.26x10~2 0.5 8.78x108  2.21x107
741 19.12 760 1.34x1012 3.36x10!0

*
: 1 Langmuir (L) = 106 torr-sec, all exposures for 30 minutes.
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5.1.2.2a Phenomenological Work Functior Changes

Contact potential difference measurements, as measured in the
‘mbient cycling procedures, can be related to the Ti0, work functiom by
the relation A?Tio = - ACPD . The Ti0, work function can then be
measured during amgient interactions, as well as during crystal
excitation and relaxation processes, by monitoring the CPD
fluctuations.

The Ti0, work function changes during ambient cycling procedures
are depicted in the various plots of Appendix D. The volume of data
collected on the Ti0, work function changes and its variations due to
illumination and ambient interactions precludes the presentation of the
material here. An illustrative example of the work function variations
on a hydrogen annealed sample during oxygen light cycling is depicted
in Figure 5.4

Changes in the work function of the titanium dioxide surfaces
represent both changes in the electron affinity of the material, as
well as the change in the surface charge associated wich surface
states. Two general trends in the behavior of the Ti0, work function
during ambient cycling deserve attention here, ‘without regard to the
specific mechanisms by which they are manifested (either electron
affinity or surface charge changes). They are 1) upon admittance of any
ambient used in this study, the immediate effect of the ambient is to
reduce the Ti0, work function; and 2)upon desorption of chemisorbed
ambient species in UHV, the amount of immediate and gradual work
function change is dependant upon the previous ambient exposure, with
the immediate work function change upon illumination decreasing with
increasing ambient exposure, and the gradual work function change

increasing with increasing previous exposure. These general trends will
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be discussed more fully in the following sections. Also of note is the
range of work function changes due to the interacting ambient. Under
illumination, the change in Ti0, work function is may be as large as
200 meV during interactions with high pressures of interacting
ambients. Under darkened conditions, larger changes in the TiO,p work

function have been recorded, up to 800 meV with high ambient exposures.

5.1.2.b Surface Charge Changes

Utilizing equation (4-6), which relates the changes in the
nulling voltage needed to offset current from the Ti0, sample to the
change in the surface charge on the semiconductor, the surface charge
can be measured during ambient interactions as well as during crystal
excitation and relaxation processes, by monitoring the nulling voltage
changes of the TiOz-gold probe capacitance cell.

The changes in surface charge on the Ti02 surfaces during ambient
cycling procedures are depicted in the various plots of Appendix D.
The volume of data collected concerning the variation of surface charge
during these cycling procedures precludes the presentation of this data
here. An illustrative example of the changes in surface charge on a
hydrogen annealed sample during oxygen light cycling is depicted in
Figure 5.5. The changes in surface charge in this plot, and of all
similar plots in Appendix D, result from changes in the surface state
populations as well as the changes in charge due to physisorbed
overlayers (surface dipole layers). In these figures of 4Ang no attempt
has been made to delineate the effects of surface state charge and
surface dipole layer charge. An analysis of these components of ng
will be made in the forthcoming sections.

Changes in the amount of surface charge on the TiO, surface
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roughly parallel changes in the TiO, work function, as can be seen by
comparison for Figures 5.4 and 5.5. The changes in each measure are not
perfectly similar however, as the surface charge depends on the
difference of the square-roots of the the nulling voltages (equation 4-
6), and the work function change depends only on the difference in
their values.

The general trends present in the work function changes are also
present in the change in surface charge on the TiOy. Upon admittance of
any ambient used in this study, the immediate effect of the ambient is
to reduce the surface charge on the semiconductor. Also, upon the
desorption of chemisorbed species in UHV, the amount of immediate and
gradual charge transferred from the surface depend on the previous
exposure of ambient. The immediate amount of charge transferred

decrease with increasing ambient exposure.

5.1.3 XPS Information

High resolution XPS spectra were collected from several different
surfaces of the hydrogen and vacuum annealed samples. XPS spectra in
the binding energy range of the 0 (1s), O (Auger), Ti (2p), Ti (Auger),
and the C (1s) [carbon is the primary surface contaminant] peaks were
monitored. Sample surfaces could be photocleaned in UHV by prolonged (1
hour) white light illumination of an intemsity of “150mw/cm?. The
conditions of the surfaces during XPS monitoring were as follows:
photocleaned in UHV followed by 12 hours relaxation; photocleaned,
exposed to 9 x 107 L 0, (in dark), followed by 12 hours relaxation in
darkness and UHV; photocleaned, exposure to 2.21 x 105 1 H,0 (in dark),
followed by 12 hours of relaxation in darkeness and UHV; photocleaned

exposure to 8.78 x107 L 0, arnd 2.21 x 106 1 Hy0 (in dark), foliowed by
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12 hours relaxation in darkness and UHV. A time lag of 10 minutes was
interjected between the termination of illumination and the beginning
of ambient exposure to simulate the testing conditions of the dark
ambient cycling procedure. The collection of spectra from ambient
testing was concluded by the photocleaning of the surface in UHV, and a
relaxation in darkness and UHV for 12 hours. A final set of high
resolution spectra were then taken for comparison to the initial set
where no ambient interactions allowed. This comparison allowed the
confirmation of any degradation processes associated with ambient
interactions that could not be reversed by illumination in UHV. The
lack of any differences in spectra would confirm that the control
surface, as prepared by illumination in UHV, was stable under ambient
interactions.

Comparitive high resolution XPS spectra for hydrogen annealed
samples are shown in Figures 5.6 through 5.8. The influence of
adsorbates on the O (ls) peak is to enhance the satellite peaks in the
spectra. This indicates that chemisorbing oxygen species have
different energy states, and hence differing bonding configurations.
The influence of the adsorbing species on the Ti (2p) energy levels is
not as pronounced. In both cases, the amount of spectra disruption due
to chemisorbed species is relatively minor. It is surmised that the
low energy electron flux from the neutralization beam (necessary to
accurately determine and adjust for the positive charging of sample
under the XPS beam) may be influencing the the chemisorbed species
promoting their desorption before completion of XPS measurements. The
XPS beam itself may also promote the loss of chemisorbed species from
the surface. Consequently the differing bonding configurations

associated with chemisorbed species and discernable from XPS
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measurements may be significantly enhanced under the actual testing
conditions, such as the dark cycling procedure.

The bonding configuration of oxygen on the control surface of
hydrogen reduced samples, as produced by illumination and relaxationm in
UHV, both before and after ambient interactions is shown in Figure 5.8.
Here the effect of ambient interactions is to promote the broadening of
a satellite peak in the spectra. While it is possible that this feature
reflects a permanent disturbance in the surface oxygen bonding
configuration, it is felt that the spectra reflects residual oxygen
remaining chemisorbed to the surface after photocleaning. The lack of
any other discernable changes in the same set of spectra [for Ti
(2p), etc.], and the reproducibility of the control surface CPD
measurements would support this hypothesis.

For the surfaces of vacuum annealed samples, the relevant XPS
spectra for the interactions with water vapor and oxygen ambients are
shown in Figures 5.9 through 5.12. In these cases, the influence of the
chemisorbed species is to promote satellite peaks in both the 0 (1s)
and Ti (2p) spectra, which is indicative of the chemisorbing species
rearrangement of the titanium and oxygen surface bonding
configurations. Comparison of the spectra concerned with the control
surface before and after ambient interactions indicate that permanent
changes in the bonding configurations of surface Ti and 0O have
occurred. The gradual reduction of the CPD characteristics of this
control surface, as indicated in Figure D-13 through D-24, serves to
confirm this hypothesis.

The correlation and discussion of XPS and CPD data concerned
with the control surfaces used in this study, and the effects of

ambient interactioms upon them, both for hydrogen and vacuum annealed
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samples, is the topic of the next section.
5.2 Discussion

5.2.1 Control Surface Characteristics

All ambient cycling data used as a reference a "contol standard",
which represents the reactions of the real TiOz surface to illumination
and termination of illumination. This real surface is prepared
according to the procedure of section 4.4.1. Cycling in the presence of
ambients produces CPD changes which are the sum total of the changes
due to the ambient interactions with the TiO2 surface and the changes
in CPD inherent to the control surface. By subtracting the amount of
change (either A¢Ti_02 or Ang) associated with the control standard
from the total measured change, the amount of work function or surface
charge change associated uniquely with the ambient interactions can be
determined. Consequently the amount of photoinduced change in the
properties of the control surfaces are of importance and merit further
description here. Examples of control surface CPD transients, as they
relate to work function and surface charge changes, are shown in
Figures 5.4 and 5.5.

As produced by prolonged illumination in UHV, the values of
contact potential difference for the hydrogen and vacuum anncaled
samples differ. The hydrogen annealed samples have a CPD of ™+ 500meV
in the control surface condition, while the vacuum annealed samples
have a CPD of ®™ -400 meV. The same values of equilibrium probe spacing,
vibrational amplitude and frequency were used throughout. This
indicates that the work function of Ti0, is very dependant upon the
manner of reduction and the active donor defects in the material.

Although there is an offset of the ™ 900meV between the CPD values of
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the control surfaces on the hydrogen and vacuum annealed samples, the
response of these surfaces to illumination conditions is the same: the
termination of illumination reduces the CPD to more negative values.

The relaxation response of the control surfaces upon termination
of illumination in UHV consists of the repopulation of surface states
which, under illuminated conditions, had been depopulated by the flux
of photogenerated hoies to the surface. The rate at which the
conduction band electrons repopulate the surface states does not follow
Elovitch-type behavior {An = 1n[(t/q-) + 1]} beyond about the first
ten seconds after the termination of illumination (Figure 5.13). This
indicates that there is more than one process occurring bn the control
surface for the capture of conduction band electrons. An additional
reaction proceeds logarithmically at times greater than 10 seconds
following the termination of illumination. Attempts to model the entire
transient by a single logarithmic process incurrs large error (™5 x
1011 cu2) jip the surface charge at t=0.

The length of the relaxation period during ambient cycling
(Figures 4.11 and 4.12) was chosen to insure that the response of the
control surface to illumination was reproducible. Relaxation times of
greater ihan eight hours were necessary to produce repeatable control
standard transients. This indicates that those slow processes by which
conduction band electrons are captured by surface states continue to
play an effect long after the termination of illumination. Still, as
reflected in the control standard transients of Figures 5.4 and 5.5, a
large change in the surface parameters occurs immediately. Again, at
least two processes on the control surfaces, one fast and one slow, are

necessary to account for this behavior.

116



Fig. 5.13

Surface State Repopula-

ticn Transient and Elo-
vitch Type Behavior

Conparison
T T T
I15F
el
13} | Elovich _8ehavior
Dn=cinfté t 1) Elovitch Behavior
2t 7 5010" cm®
M Ts5sec
10}
(oTo)
Sr o oo
o °\
R o experimentol dota
‘}‘s o
Q 7 o
Q
=
E“
ds
4
3
2
/
1 1
0 —7 100 1000
! (sec)

117




In both the light and dark cycling procedures, the samples were
illuminated after relaxation under darkened conditions in vacuum. Upon
illumination, the control standard tramsient undergoés beth immediate
and gradual changes. The depopulation of surface states by the flux of
photogenerated holes to the surface again occurs in two stages: a fast
depopulation followed by a slower one. Based upon the control standard
transient behavior during ambient cycling, and the CPD reactions to
light of varying energy and intensity (Figure 5.2 and 5.3), existence
of two sets of surface states on Ti0) can be postulated.

The first set of surface states activated by illumination are
those which are broadly dispersed in energy from the Fermi energy level
to™150 meV below it. The immediate change in CPD upon illumination, as
realized in the work function and surface charge changes, reflects the
depopulation of these fast states.These surface states react quickly to
illumination changes: the CPD traverses the 150 meV range of these
states within about three seconds upon illumination changes, as
determined by standard cycling procedure. By reducing the time constant
of the lock~in amplifier however, these changes in CPD were seen to
occur within 1076 seconds after the change in illumination. The amount
of charge associated with these states were for the hydrogen annealed
samples ™ 1012 cm'z, and for the vacuum annealed samples,“‘leOllcm_z.
With the assumption of one charge per surface state, we can assign
these values to the surface states densities. These types of surface
states will henceforth be refe.red to as n) type surface states.

The second type of surface state om the control surfaces of Tio,
as revealed by CPD measurements are located in a narrow energy range
beginning about 0.15 eV below the Fermi level at the surface . These

surface states are present in a high enough density to prevent their
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complete depopulation by the incident illumination. Consequently the
Fermi level is pinned at the surface by these states. The density of
these states, as measured by CPD analysis, is greater than 5x10~11 cm'2
on both the hydrogen and vacuum annealed samples. The reaction times of
these states are considerably slower than the n; type states, and
typically have relaxation times of about 900 seconds for both hole
depopulation and conduction band relaxation processes. The kinetics of
these and other surface states during recombination processes will be
further discussed in other sections. The slow states present on the
control surfaces of TiOz will henceforth be referred to as n, type
states.

Several pieces of information suggest that the 1) and np; surface
states are predominantly titanium in nature. First, their energy
location, less than 1 eV below the conduction band edge, would suggest
that these states are those of the predominantly Ti (3d) conduction
band. Their appearance below the conduction band edge is a comsequence
of the termination of the lattice and the resulting perturbation in
energy for those titanium surface atoms surrounded by less than their
normal complement of oxygen atoms.23:24 This suggestion has been
reinforced by calculations of the energy levels occurring on TiOz
surfaces which have found that the surface states within the band gap
and adjacent to the conduction band are predominantly Ti in nature.b1
Also the XPS spectra of Figures 5.6, 5.7, 5.9, and 5.10 indicate that
upon exposure to oxygen containing species, the spectra of the Ti (2p)
peaks as well as those of the O {ls) peaks are effected. The
interaction of adsorbing oxygen species with surface Ti atoms, as well

as the presence of oxygen adsorbates is substantiated by these spectra.
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Had only oxygen-affiliated surface states been effected by the
adsorbates, changes in only the oxygen spectra would have been noted.
This will be discussed more fully in the upcoming sections.

Some authors, generalizing about the ionic defect states on the
surface of ionic semiconductors would term such ionic (Ti) states as
"Tamm" states.?* The basis for this distinction however, is the
conditions of symmetry in the electron potential at the lattice
termination. Since these symmetries are not known for the cationic (Ti)
surface states, this labelling has been here avoided.

The energy location of the n, surface states correlate well with
the surface states determined by UPS and EELS measurements.
50,53,56,58,59 These states are associated with surface Ti3* ions,
which result from the oxygen depletion of the surface. The ny type
surface states can be tentatively associated with these Ti3* surface
defects.

The energy location of the n; surface states below the conduction
band edge is to be expected if these defect states are to be considered
to be conduction band orbitals perturbed from the conduction band by
the less that perfect termination of the lattice. At the same time, the
reactions of these states to illumination with energy greater than that
of the band gap is very fast, comparable to the reaction times of the
bulk conduction band states. With these considerations, the o, surface
states are tentatively assigned to be cationic (Ti) states. These
states have not been detected by UPS and EELS measurements. The
surfaces prepared for these vacuum studies are, however, of greater
perfection than those utilized in this study. It is thus reasonable to
correlate the n; surface states found in this study with the residual

polishing defects known to be present on the tested samples. These
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states would not appear in the more perfect Ar' ion bombarded and
annealed surfaces studied by UPS and EELS.

The delineation between the n; and ny surface states is made on
the basis of: 1) the differing responses of these states to
illumination of energy greater than that of the band gap, and 2) the
known association of the n, (Ti3*) states with a particular energy
level. The n, (Ti3+) states arise from reconstructions on the surface
assoiciated with the oxygen depletion of that surface. The n; (cationic
Ti) states can be correlated with polishing defects which result in
reconstructions different from those associated with the n, (Tid3*)
states. Consequently, the energy levels and illumination reactions of
the n; (cationic Ti) states would differ from those of the n, (Ti3%)

surface states.

5.2.2 1Influence of Ambients

5.2.2.a Adsorption

Controlled exposures of ambients were allowed to interact with
the TiO, surfaces. The two possible interaction sequences are
illustrated in cycling procedures: ambient admittance during
illumination of the sample, and ambient admittance following 10 minutes
of relaxation in darkness and UHV. In the first case, ambients may
interact with all depopulated surface states of the sample, while in
the second case, only those surface states which remain active after 10
minutes in darkness have a possibility of undergoing reactions with the
ambient. Consequently, it is expected that the ambient-surface
interactions during the dark cycling treatment will produce less CPD

change than those of its light cycling counterpart.
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In order to be attracted to and interact with the surface states
that are occupied with photogenerated holes, the ambient species must
become negatively charged. The two possible mechanisms for this
charging are the dissociation of ambient species, and the capture of
electrons by physisorbed species on the semiconductor surface. On clean
(Ar* bombarded and annealed) surfaces, dissociative adsorption of
oxygen and water vapor has been found to occur up to a saturation
exposure of 100L.505 51,54, 56 Beyond this threshold,molecular adsorption
occurs. On the real surfaces of the Ti0, samples used in this study, it
cannot be expected that the dissociative adsorption of species would
occur, or if it does, that it weould occur to the same extent that it
does in clean surface studies. The perfection of the real surfaces
employed does not approach that of clean surfaces, and, as prepared,
the real surfaces have undergone reactions with solutions and ambients
which would have saturated the dissociative reaction limit. The final
preparation procedure of prolonged illumination in UHV does mnot remove
all surface contaminants (see C (1s) peak in the XPS spectra of Figure
4.7) and hence the possibility of dissociative reactions similar to
those occurring on surface where atomic perfection is approached seems
remote.

More plausible is the possibility of the charging of physisorbed
molecular species by the capture of conduction band electrons. If the
ambient pressure above a surface is maintained at some level P, then
the number of physisorbed molecules at the surface can be expressed as
some function of this pressur&79’81 The physisorbed molecular species
can interact with the TiO, and accept electrons from the conduction
band. The transfer of charge between the TiOz and the physisorbed

species may involve thermal activation. This process is dicussed more
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fully in a following section. Both the surface electroms and the
physisorbed electronegative molecular species can interact with surface
states occupied by holes. Electrons and holes recombine, but the
physisorbed electronegative species, upon exchanging charge with hole
occupied surface states, may become chemisorbed at that site. The

reactions of these competing processes are

o, o
cPp + hs+ — (cPA)c and (5-2)
e + ht -0 (5-3)

where the subscripts ¢ and s refer to chemisorbed and surface species,
respectively, and cP:' represents the electronegative, thermally
activated molecular species after it has gained charge from the
conduction band. The population of hole occupied surface states is
reduced by the recombination of charge associated with the activated
electronegative physisorbed molecules. These activated species interact
with the positive charge on the surface being chemisorbed by reaction
(5-2). This reaction competes with the electron-hole surface
recombination, reducing the foward rate of such recombination. As a
result, the concentration of electrons in the TiOz which are available
for reactions is increased. This raises the bulk electron density,
raising the Fermi level and reducing the band bending. The increase in
the Fermi level reduces the Ti0, work function as ambients are admitted
into the system (see Figure 5.4). The increase in bulk donor density,
and the reducing in the surface potential serves to increase the
negative charge on the surface through the equation n, = npexp(-
qu/kT). Thus, the net surface charge on the TiO0g is also reduced by

the admittance of ambients into the vacuum system, and their
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interactions on the Ti0, surface (see Figure 5.5). This is the initial
reaction of all surfaces under study upon the admittance of oxygen and
water vapor into the system.

The amount of chemisorption that occurs on Ti0, is expected to
vary between light and dark cycling treatments. In the dark cycling
procedure, some of the active (hole occupied) surface states accept
charge from the conduction band prior to the admittance of ambients
into the system. For the n; type surface states, little or nc
interactions are to be expected, as these states react quickly to
changes in the illumination conditions. It is the n, type surface
states that should interact with the ambient species, as it is these
states that have very long reaction times, and would remain partially
depopulated (hole occupied) during the ten minutes of relaxation in
UHV. This scenario precludes the possibility of charge transfer between
surface states and also the modificaion of surface state
characteristics by the adsorbing species. Information regarding the
possibilty of these phenomena can be extracted from desorption data,
and will be discussed shortly.

As the exposure of the Ti0, surfaces to interacting ambients is
increased, reversals in the Ti0, work function decrease and the net
surface charge decrease are noted. the exposures at which these
reversals occur are listed in Table 5.2. The turning points in the
cycling transients occur at the same exposures for both the ¢3Q&iozand
the ng transients. In several cases, there are additional turning
points in the transients where the now increasing values of4%§9 anddng
have again reversed, and have begun to decrease.

The significance of the initial turning points in the cycling
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Table 5.2 Trancient Turning Points during Ambient Exposures

(A¢Ti02 and Ang )
sample exposure (Langmuir)

H, annealed, light cycling

5
H,0 10

7
0, 10
Hy0 + 0, 107

H, annealed, dark cycling

3
H,0 10
0, > 1012
Hy0 + 0, 10°

Vacuum annealed, light cycling

4
H,0 10

6
0, 10
Hy0 + 0, 106

Vacuum annealed, dark cycling

10
H,0 > 10
0, 104
Hy0 + 0, > 1010

Ly: first turning point in CPD transient

Ly: second turning point in CPD transient
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transients upon adsorbate interactions is two-fold. First, these are
the exposures at which the band bending at the surface is minimized.
The surface potential is at its lowest value and this is the closest
approach to flat-band conditions that can be produced by the
experimental procedures used here. The additional band-flattening
effect beyond the of the production of a bulk photo-potential is due to
the increase in the bulk Fermi level due to the increase in bulk
electron density. This increase in bulk electron density is in turn due
to the surface hole trapping of charge associated with activated
ambient molecules rather than the trapping of bulk electrons flowing to
the surface. The second significant point associated with the first
turning point in transient behavior of surfaces exposed to ambients is
the change in the surfaces processes. At the exposures listed in Table
5.2, the negative charge on the surface stops accumulating. Several
mechanisms are possible for this change. It is possible that the
negative charge could be removed from the surface by the desorption of
electronegative surface species. Also possible is the gain of positive
charge on the surface by the adsorption of electropositive species. A
third alternative is the physisorption of dipole overlayers adjacent to
the layer of negative charge which would mask the negative charge on
the surface, effectively reducing its magnitude. Each of these
possibilities will be discussed in turn below.

The interaction of electronegstive, activated ambient molecules
with the surface states on TiO, allows for the possibility of the
molecules charged by electrons from the conduction band, to be desorbed
from the surface rather than undergoing charge transfer chemisorption

with active surface states. In this case the physisorbed molecules are
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activated, recieve charge from the conduction band, and then desorb
from the surface. It is expected that the negatively charged,
physisorbed molecules would desorb only when the positive charge on the
surface had removed by charge transfer chemisorption processes. Thus
the exposure at which the first transient turning point occurs would,
in this case represent the exposure at which the active surface states
on TiO, are saturated. This mechanism of charge removal from the
surface of the semiconductor reduces the Fermi level in the bulk of the
material, increasing the surface band bending and surface potential.
The mechanism does not depend upon the presence of ambient species with
an inherent dipole moment, such as water, and would be expected for
oxygen ambient interactions. Also, this mechanism would account for the
transfer of charge from the semiconductor in spite of chemisorbed
species occupying surface state sites which could block current. The
mechanism is not photonically driven, and is to be expected under
darkened conditions.

It is also possible that holes may be transferred to ambient
species making them electropositive. These electropositive species
could then be adsorbed to the surface and reduce the negative charge,
accounting for the decrease in negative charge and the reversal of the
transient. This mechanism is photonically driven, inasfar as
illumination of the semiconductor is necessary for an appreciable
density of holes to appear in the semiconductor and accumulate at its
surface. Consequently, this mechanism would not be active under
darkened conditions. The reversal of the CPD transients under dark
cycling conditions discounts the possibilty of this mechanism occurring
at the semiconductor surface.

A third possibility of physisorbed dipole overlayers weakly
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interacting with the hole occupied surface states may account for the
reversal of the CPD transients upon ambient interactions. The
negatively charged end of the dipole would be attracted to the
positively charged surface states, and would align itself so that its
positive pole is directed outward from the surface. The presence of
these positive poles would serve toc reduce the negative charge on the
surface as sensed by CPD measurements. This mechanism is possible in
the presence of molecules with an inherent dipole moment (water) or by
the creation of activated electronegative molecular species capable of
supporting a dipole moment (OZ“L The mechanism is not dependant on
illumination conditions and is to be expected for both water vapor and
oxygen interactions.

Physisorbed species are removed from the surface by the pumpdown
sequence following ambient admission. The difference in the Ti0, work
function between the beginning and the end of the pumpdown procedure
reflects the change in the change in electron affinity which can be
associated with the presence of physisorbed dipole layers. Considering
2 physisorbed overlayer of alligned dipoles as a set of parallel planes

of opposite charge (see Figure 5.14), the voltage drop across this

layer may be expressed aleI
afrio n My A
~-AV = ¢r1 2 = = X (5-4)
q £ q
o

where n is the surface dipole density, M4 is the moment of each dipole,
80 is the permittivity of free space apnd ‘):is the semiconductor
electron affinity. For an example of equation (5-4), comsider the
change in work functiom in a light cycling sequence, such as that

depicted in Figure 5.4 wherein the admitted active ambient is water
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Fig. 5.14 Simplified Model of
Dipolar Physisorption
of Water

(o) paratlel alligyment of odsorbed dipolor  molecides.

(b) effect of adsorbed digole
layer on efectron affinity

EV:C// g7

semiconductor bulk surfoce
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vapor (re. Figure D-3). The illumination of the surface had been
terminated ten minutes prior to the pumping of the chamber. The change
in the control surface (no admitted ambient) nulling voltage during the
pumpdown was 16 mV. Subtracting this change (inherent to the control
surface) from the change in nulling voltage during water vapor ambient
cycling, we can find the change in nulling voltage which can be
ascribed to the desorption of physisorbed dipole layers. With the value
of the dipole moment of a free water molecule as 6.15 x 1028 coulomb-
cm, 88 equation (5-4) can be used to generate the plot of physisorbed
dipole moments versus water vapor exposure seen in Figure 5.15. The
amount of physisorbed water molecules, particularly at low exposure
levels, is much larger than the number of those species which are
chemisorbed (as will be discussed in the next section). The number of
physisorbed molecules on the surface of the Ti0, before pumpdown is
always at least an order of magnitude larger than the amount of charge
ascribed to chemisorption phenomena. This supports the premise that the
chemisorption process involves the capture of ambient species from a
virtually inexhautible supply of physisorbed species. The presence of
dipole moments in the densities depicted in Figure 5.15 also lends
credence to the premise that the reversal in CPD transients following
the initial work function decrease upon admittance of ambients is

associated with dipole overlayers.

5.2.2.b Desorption

Those species remaining on the surface of the Ti0, after the
pumpdown procedure are assumed to be chemisorbed to it, that is
chemical bonds have been made between the adsorbate and the surface.

The desorption sequence for these chemisorbed species is the same for
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the light and dark cycling procedures. Illumination absorbed by the
semiconductor results in the accumulation of holes at the surface of
the semiconductor. Consequently, species bonded to the TiO, surface
will, as an result of capturing photogenerated holes, have their bonds
relieved, and will photodesorbed from the surface.

Although it is not indicated on the diagrams for the light and
dark cycling procedures, the samples were illuminated with light of
energy less than that of the band gap (A=0.5 pm, I™150 nW/cn?) for
one minute prior to any excitation with light energy greater than that
of the band gap. For this sub-gap illumination, no CPD reaction was
ever found, both for control (no ambient interactions) surfaces or for
surfaces with chemisorbed species present.

The lack of sub-band gap illumination response is not surprising
for two reasons. First, the ability of the surface states to absorb
sub-band gap radiation is small, due to both the small values of the
absorption coefficient in this energy range (see Figures A-4 and A-5),
and the thinness of the surface defect layer, with or without
chemisorbed species. Also, since the surface bonding configurationms,
both with and without adsorbates could differ markedly from the bonds
of the semiconductor bulk, there is no reason to a priori assume that
electrons in these bonds would react in a fashion similar to that of
common semiconductors. This notion is particularly significant in the
light of the reactions of the surface states which are inherent to the
control surfaces utilized in this study. Also, transitions between
surface energy levels associated closely with the Ti (3d) conduction
band energy levels may not be allowed by momentum transfer rules.9?

Illumination of the samples with white light (with a portion of

the incident light having erergy greater than that of the Ti0, band
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gap) results in CPD changes. The changes are both immediate and
gradual. The significance of the changes inherent to the control
surface of this study are described in section 5.2.1. The influence of
both oxygen and water vapor chemisorbed species is to reduce the amcunt
of immediate CPD change upon illumination in UHV, and also increase the
ensuing amount of gradual change in CPD. This is reflected in the
changes in the immediate and gradual reductions in the Ti0, work
functions and surface charge concentrations such as those illustrated
in Figures 5.4 and 5.5. Also influenced is the rate at which the CPD
changes during the gradual reductions in the TiOz work function. With
increasing ambient exposure, the rate of charge transfer during the
gradual process increases. The amount of charge transferred during
desorption relative to that transferred by the same illumination
conditions on a contrel surface is illustrated in Figure 5.16. The rate
at which the gradual component of this change occurs, relative to the
rate at which it occurs on the control surfaces, is shown in Figure
5.17. As these Figures illustrate the changes in charge and rate of

charge transfer less the amount associated with the same changes under

control (no ambients) conditions, they represent changes due solely to
the chemisorbed species.

Following the scheme of active surface states on Ti0, introduced
in section 5.2.1, it is seen that the reduction in the immediate amount
of surface charge change upon illumination of adsorbate effected
surfaces reflects a reduction in the amount of nj (cationic Ti) type
surface states. Also, the increase in the rate of change of the gradual
desorption processes indicates that surface states other than the ng

(Ti3*) states are being depopulated by holes at the TiO, surface. The
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rate of surface charge change during this gradual depopulation period
then represents the sum of the rates at which the various surface
states are being depopulated. To account for this observed behavior, it
is necessary to postulate a third set of surface states on the Ti0,.
The third set of surface states are again cationic in nature, and
exist at the expemnse of the n; (cationic Ti) states. The density of
these n, states present after the pumpdown sequence is related to the
amount of previous ambient exposure. As is seen in Figure 5.16, The
total of density of surface charge (and hence density of surface
states) effected by illumination in UHV remains constant. Due to the
lack of evidence to the contrary, it is assumed that the n, surface
states are not effected by ambient exposure. The n3 states would then
result from some perturbation of the n; (cationic Ti) states due to the
effects of the chemisorbing species. The correlation of the ionic n;
states with these adsorbate effected states is substantiated by XPS
documentation.The XPS spectra of Figures 5.6 and 5.7 indicate that
changes in both the Ti (2p) and 0 (ls) peaks occur with the
chemisorption of oxygen and water vapor species. Changes in the 0 (1s)
peaks are expected as a consequence of the deposition of surface oxygen
species. The changes evident in the Ti (2p) peaks indicate that the
surface oxygen species are interacting with the surface Ti atoms. This
suggests that the third set of surface states are linked tec the surface
Ti atoms. The third set of states do not, like the n) and ng surface
states, communicate appreciably with the coaduction band, as is
evidenced by the lack of CPD response upon illumination with light of
energy less than that of the band gap. It is necessary to excite a hole
in the valence band, which is subsequently transferred to these nj

surface states, to effect a change in the population in these states.
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This again suggests that the ny states are Ti in nature, as
communication between the predominantly O (2p) valence band and Ti
surface states is preferred, as discussed in section 5.2.1. The
properties of these D, type states are comsiderably different from the
n; surface states which they replace. They are much slower in their
reactions to band-gap illumination, comparable to the reaction times of
the n) states. Also interesting is the fact that the rate at which
these surface states depopulate during illumination in UHV is related

to their density, as is evident from Figure 5.17.

5.2.3 Surface State Modelling

Three different sets of surface states have thusfar been proposed
to explain the oxygen and water vapor interactions on semiconducting
titanium dioxide: ny, cationic Ti states due to residual polishing
defects; n,, Tid* states due to the oxygen depletion of the surface as
prepared; and n; states arising from adsorbate interactions with the
cationic, n; states. The effect of ambient exposures and illumination
with these proposed surface states is depicted in Figures 5.18 through
5.20.

Consider a control surface (UHV, prolonged illumination) that is
permitted to relax in darkness for twelve hours in UHV without ambient
interactions. As step (i) of this modelling sequence depicts, only the
n; and the nj) states are present on this surface and they are filled by
conduction band electrons during the relaxation. The CPD response of
this surface upon illumination is both immediate and gradual. The
immediate effect is to produce photogenrated holes in the bulk of the

material, which, due to the field of the Schottky barrier, accumulate

at the surface and depopulate the fast n; (cationic Ti) type surface
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states [step (ii)]. Prolonged illumination with white light of
illumination of ~*150mW/cm? further relieves some of the band bending,
and depopulates some of the n, surface states. After one hour of
illumination, a steady state condition is reached whereby the n, states
are partially depopulated, and further depopulation is not possible by
simple illumination of the sample [step (iii)]. If the sample is again
allowed to relax in vacuum without ambient interactions, the removal of
illumination results first in the repopulation of the fast n) surface
states, and then the slower refilling of the n, states by conduction
band electrons [step (iv)].

The effects of oxygen and water vapor adsorbates on this sequence
of surface conditions is to modify some of the cationic Ti, ny
surface states, creating at their expemse n; adsorbate-effected surface
states. The recombination of surface holes with the electronegative
ambient species result in an increase in the density of conduction band
electrons, increasing the Fermi level, diminishing the surface
potential and work function. The simultaneocus recombination of holes at
the surface according to equations (5-2) and (5-3) reflects an increase
in the conduction band electrons, and step (v) of the modelling
sequence depicts this situation under illuminated conditioms. Step (vi)
depicts a similar situation wherein ambients are admitted into the
system after ten minutes of relaxation of the sample. Under this
situation, the n) surface states are filled, and only the ny surface
states remain partially unoccupied (hole occupied). The change in the
CPD transients during this dark admittance of ambients indicate that
charge is being transferred from the ny states to the n, states
allowing the interaction of ambient species with the n; states,

modifying them into nj adsorbate-effected states. The presence of these
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ng surface states produced by dark ambient cycling is further supported
by the changes in the CPD transients during the ensuing photodesorption
sequence.

Using the differences in the CPD transients during the
photodesorption sequences, one can determine the changes in the
denities of each type of surface state. The difference in the immediate
amount of CPD change (relative to control cycling changes) upon
illumination can be ascribed to the reduction in the number of 0y
surface states. The difference in the amount of gradual CPD desorption
change (again, relative to the change encountered under control cycling
conditions) can be ascribed to the ny surface states on the surface
existing at the expense of the n; states. The numbers of surface states
present are determined through the use of equation (4-8). In this
modelling, the number of Ny surface states is presumed to remain
constant, and is determined by the amount of gradual CPD change upon
illumination under control cycling conditions.

Utilizing this model of the surface states on TiO,, the data of
Figure 5.16 can, for example, be replotted in terms of the particular
surface state populations vs. ambient exposure. Such a restructuring of
this data is presented in Figure 5.21 wherein the n3 states supplant
the n; states as the exposure of the ambient is increased.

Further data regarding the populations of the particular surface
states is listed in Table 5.3. The data concerning the n, surface
states represents the maximum density of these states which could be
probed (depopulated) under the illumination used: it does not represent
the total density of these states that may be on the surface. The
particular values listed for the surface state densities represent

the average of the values found by the CPD ambient cycling procedures.
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Table 5.3 Surface State Pogulations(cmfz)

sample max
Hy) annealed samples
light cycling: H,0 1.2x1012
0, 1.6x1012

Hy0+0, 8.0x10!!

dark cycling: H,0 1.2x1012
0, 1.6x1012

H,0+0, 8.0x101!

Vacuum annealed samples
light cycling: H,0 2.3x10!1
0,  5.3x10ll

Hy0+0, 5.4x1011

dark cycling: H,y0 2.3x1011
0, 5.3x1011

B,0+0, 5.4x101l

n

7.0x1011
2.5x1011

2.1x1011

7.4x1011
4.1x1011

2.1x1011

7.3x1010
4.0x10?

4.0x10°

6.1x1010
1.7x101!

6.0x1010

144

>1.9x1011
>1.9x1011

>1.9x10!1

>1.9x1011
>1.9x1011

>1.9x1011

>8.4x1010
>8. 4x1010

>8.4x1010

>8.4x1010
>8.4x1010

>8.4x1010

5.3x1011
1.4x1012

7.3x1011

2.2x1011
9.1x1011

4.0x1011

1.2x1011
1.1x1011

1.9x1011

1.2x1011
1.7x1011

1.6x1011



Further complications in the modelling of the ambient
interactions on the Ti0, surfaces occur when, in the presence of a high
ambient pressure, the illumination of samples is terminated. As
depicted for the 0y ambient, light cycling of a vacuum annealed sample,
the termination of light in the presence of a high oxygen pressure
results in a decrease in the TiOp work function and an accumulation of
positive charge on the surface, as sensed through CPD measurements
(Figure 5.22). This increase in positive charge can be associated with
the accumulation of a dipole layer on the surface with the positive
pole directed outward from the surface, as depicted in Figure 5.14.
After the pumpdown sequence, this physisorbed dipole layer is removed.
Changes in the CPD transients upon photodesorption do, however, result
from the high ambient exposure in these situations. Upon illumination
in UHV, the surface first recieves negative charge, and after a few
minutes illumination, positive charge. The band diagram for this
surface during illumination in UHV is shown in Figure 5.23. It consists
of a depletion layer extending into the bulk of the semiconductor, but
adjacent to the surface, only a small amount of band bending occurs,
due to the filling of surface states with charge from electronegative
ambient species, rather than by conduction band electroms. Upon
illumination, photogenerated electrons can then interact on the surface
by surmounting the small surface potential barrier. Interaction with
the photogenerated holes accumulating at the surface due to the field
of the Schottky barrier would then give rise to the complicated CPD
transient depicted in Figure 5.22. The complicated CPD transient
behavior observed on vacuum annealed samples upon photodesorption in

vacuum in termed photovoltage inversion.
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Vacuum Annealed Samples during

Fig. 5.22 Surface Charge Changes:
Oxygen Light Cycling
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Another interesting feature of the CPD measurements taken on the
vacuum annealed samples is the apparent deviation in the trend that
ambient introduction results, at least initially, in the reduction of
both the TiO, work function and surface state hole populations. While
this does occur for moderate and high ambient exposures, as shown in
Figure 5.22, the lower exposure cyclings produce a flux of negative
charge to the surface, and an increase in Ti02 work function. This
deviation is tentatively assigned to a degradation of the control

surface, and is discussed further in section 5.2.7

5.2.4 Electronic Surface Transitions

Figures 5.18 through 5.20 depict the changes in the fluctuations
in the densities of surface states with illumination and ambient
exposures. The transferrence of charge within these surface states, and
also between the surface states and the conduction and valence bands
during illumination and ambient exposures deserves clarification.

None of the surface states on the real surfaces of Ti0, used in
this study communicated effectively with the conduction band. No change
in contact potential difference was detected for illumination of the
samples with light of energy less than that of the band gap. As has
been previously discussed, this information, coupled with changed in
the XPS spectra of the Ti0, surface indicate that all photo-active
surface states encountered in this study are predominantly Ti in
nature. .

An interchange of charge between surface states has been
encountered in the modelling of the surface states. This interchange is

substantiated by the production of n3 surface states in the energy

range of the n) surface states, in the situation where the n; states
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had been prevoiusly filled [Figure 5.20, (vi)]. The transferrence of
charge between the n) and n, surface states is thus allowed as the n,

surface states slowly fill upon relaxation.

5.2.5 Surface Recombination

The rate at which surface holes and electrons recombine is
characterized by a parameter known as the surface recombination
velocity. It is formally defined as the ratio between the flux of
minority carriers (holes) to the surface and the surface poulation of
these carriers. An expression for the surface recombination of a steady
state hole population at a discrete energy surface trapping level
associated with a single type of defect may be derived using Shockley-
Read theory (see section 2.5.2.a and Appendix C). As applied to the
case of non-degenerate n-Ti0,, the generalized expression reduces to
that of equation (2-19). Caution must be exercised in the application
of this expression to situations encountered in this research: l)the
equation describes the steady state phenomena of the balancing of the
hole flux to the surface with the hole recombination at that surface,
and 2)discrete energy surface states of uniform capture cross section
are involved as recombination centers for hole and electrons at the
surface. The applicability of expression (2-19) to the
photodepopulation of surface states encountered in this study is thus
open to discussion.

An attempt will be made here to apply equation (2-19) to the
photodepopulation of the ny and n3 type surface states. While the above
criticism of the use of this equation serves to temper the conclusions
which may be drawn from its application, it nonetheless may serve to

elucidate estimates for the parameters of interest concerning the n,
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and ny surface states. For these slow states on TiOz, the deviation
from steady state behavior is relatively small, at least compared to
the fast n; states for which no estimates were attempted.

The estimates of capture cross sections and surface recombination
velocities were sought. These parameters were based upon data collected
during the desorption sequences. The pertinent time of measurements was
five minutes after the beginning of illumination.

The surface recombination velocity is the flux of photogenerated
holes to the surface divided by the surface population of holes. The
flux of holes to the surface may be determined via the Gartner equation
(2-14) knowing the depletion layer width, absorption coefficient at
energies greater than that of the band gap of the material, the hole
diffusion length and the intensity of photons capable of driving
reactions. Under a band-gap illumination of 8 x 1014 photons/cmz-sec,
the surface potential om the Ti0, is estimated as 0.1 Volt. The
depletion layer widths for the hydrogen and vacuum annealed samples are
6.7 and 10.6 x 10~6 cm, respectively. The absorption coefficient for
A=350 nm for TiO, is 10* cm™!, and th hole diffusion length is
estimated as 10”4 cp 40 These values, when used in equation (2-14)
yield hole fluxes to the surface of 4.2 and 4.4 x 1014 holes/cmz-sec
for the hydrogen and vacuum annealed samples, respectively. The value

of the hole surface population can be determined from the expression

*
* E - E- .
P 1
ps = pi exp(——l;-i———.) (5—5)

where p; is the intrinsic hole density [ P; = N, exp(-—EgIZRT); N,VN,
~g8.78 x 1021 cm'3; pi= 5 x 104 ¢m=3 ]. The hole quasi-Fermi energy is

pinned at the level of the surface traps during illumination.
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Consequently, the surface hole concentration, and in turn the SRV (=
Fp/ps*) can be estimated. For the control cyclings (no ambient
interactions, no ng states) the SRV's for solely the n, states on the
hydrogen and vacuum annealed surfaces are 0.996 and 2.612 cm/sec,
respectively.

The Shockley-Read recombination expression (2-19) can now be
applied directly to ambient cyclings where both n, and n3 surface
states are active, Utilizing a value of Et = 2.58 eV and Ef,s==2.66 eV
(above the valence band), a thermal velocity of 9 x 10° cm/sec k=

kT 1/2
(———p=) ], and the densities of active ny states as listed in Table

5§;? he values of the capture cross sections for the n) states cam be
found during control cycling illumination. These are listed in Table
5.4, as well as the capture cross sections for the n3 states. The
values of the capture cross sections for the ny states were found by an
equation similar to that of (2-19) but with an additional term in the
numerator for the occupancy and cross sections for the n, states. The
data was taken during the desorption sequences during ambient cycling,
when both n, and n3 states are depopulated. Also listed in Table
5.4 are the relaxation times associated with each type of surface

state. The time of measurement was again 5 minutes after the beginning

of illumination, and the values of T are defined from the expression
n (t=5) = n(total) exp (-5/%) . (5-6)
5.2.6 Charge Transfer Chemisorption
Inherent in the modelling employed in this study is the mechanism

of charge transfer chemisorption. Physisorbed molecules on the surface

of the semiconductor are activated, accept charge from the conduction
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band, and with this charge may recombine at active, hole populated
surface sites by the exchange of charge between the adsorbate and
surface site. The modelling of this process in the case of ambient
chemisorption on a semiconductor surface by Lagowski et.a1.81,89
closely resembles the similar situation of conduction band electron
transfer to solvated species im solution. Most particularly, the
thermal activation terms implicit in both equations (2-20) and (2-22)
serve to indicate the constraining mechanism by which charge is
transferred to the physisorbed species.

The thermal activation energy during oxygen adsorption hasibeen
found by Addiss and Wakim®> to be 70 meV. Utilizing this value of in
equation (2-22) along with the previously mentioned thermal velocity of
electrons, surface potential under illumination, oxygen pressures and
the total surface state populations listed in Table 5.3, an expression
for the-capture cross section of the active surface sites in terms of
the unoccupied surface state population and the measured rate of charge
transfer to the semiconductor surface can be obtained.

Thé product of capture cross section and a multiplicative
constant, c, can be found by substituting the measured charge transfer
rate to the surface and the unoccupied (hole occupied) surface state
populaticns during the adsorption sequences for various oxygen
pressures. Using these values, the products of the multiplicative
constant and the capture cross section have values in the range of
10724 o2, Although the mechanism of charge transfer chemisorption has
been utilized in the modeling of the surface states on TiOy, the
further pursuit of quantification of the parameters cannot be made with

the information at hand.

153



5.2.7 Surface Degradation

It has been noted in Figure 5.22 (as well as in Figures D-13, =~
14, and -20) that the immediate interactions of ambients at low
pressures results in an increase in the Ti0, work function and negative
surface charge, in violation of the apparent trend encountered
throughout the remainder of this research. A plausible explanation of
this behavior is not the change in the reactions occurring at the
semiconductor, but the change in the nature of the real surface due to
previous ambient exposures.

The dominact donor species in the vacuum annealed samples are the
vacant oxygen sites. Upon exposure to oxygen adsorbates, the diffusion
of cxygen into the sample, at least in the highly defected surface
layer, may occur. This is equivalent to the diffusion of the vacant
donor sites out of the material, resulting in a change in the donor
concentration near the surface. This in turn increases the depletion
layer width, and effects the flux of holes to the surface upon
illumination. It also reduces the density of electrons at the surface.

The deterioratiom of the control surfaces on the vacuum annealed
samples is documented in Figure 5.24. In this figure, the total amount
of surface charge change during illumination of control cycling as it
varies with previous ambient treatments is depicted. As can be seen,
with increasing exposure history, the amount of surface charge
associated with the depopulation of surface states decreases. This
decrease is not necessarily associated with changes in the surface

state densities, but with the photoresponse of the semiconductor.
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Fig. 5.24 Degradation of Vacuum
Annealed Control Surface
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Chapter 6 : CONCLUSIONS AND RECOMMENDATIONS

The photostimulated effects of oxygen and water vapor adsorption
and desorption on the surface properties of semiconducting titanium
dioxide have been identified. The effects have been attributed to two
phenomena: the depopulation of donor surface states by photostimulated
minority carriers (holes), and the charge transfer chemisorption of
electronegative ambient species interacting with, and modifying the
properties of, these donor surface states. Significant changes in the
surface recombination velocity, the surface potential and densities of
surface electron states have been attributed to 1)t:he accumulation of
photogenerated holes at the semiconductor surface, and 2)the
interaction of electronegative oxygen and water vapor species with
electronic states at the surface of TiC,. The photostimulated behavior
of a subset of these surface states is modified by the charge transfer
chemisorption of ambient species.

Based upon the previously explained experimental procedures and
results, the following conclusions summarize this thesis research:

Single crystal, Verneuil-grown Ti0, with no intentional chemical
impurities was doped n-type by reduction in various pressures of
hydrogen, resulting in different dominating bulk donor defects.
Reliable, reproducible coatrol surfaces were produced on n-TiO2 [o001]
by polishing, cleaning and finally illuminating with white light (150
nW-cn~2) in UHV. Experimentation utilizing these control surfaces as
references provides information on the adsorption and desorption of

oxygen and water vapor species at a level more basic than can be
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derived from wet electrochemical cell measurements.
IB.] Experimentation

The charge transfer occurring on the T102 surfaces during the
adsorption and desorption of oxygen and water vapor was monitored using
contact potential difference measurements. Experiments were designed to
cyclically monitor the charge transfer at the surface during the
adsorption and desorption of oxygen and water vapor. Ambient exposures
spanned the range from 10 to 1012 Langmuirs. The effects of adsorbates
on the electronic parameters of the Ti0, surfaces were quantitatively
and unambiguously obtained.

X-ray photoelectron spectroscopy measurements were made using the
same cyclical sequences. Large changes in the oxygen 1s spectra were
noted with both oxygen and water vapor exposures, indicating the
specific chemisorption of oxygen containing species on Ti0y surfaces in
a configuration differing from that of the bulk or surface oxXygen
associated with the TiO, crystal.

IC.] Phenomenological Results

The electronic structure of the semiconductor surface region
under control conditions was determined to be that of a depletion
layer. The effect of illumination was to generate a photovoltage in the
bulk of the material, thereby reducing the surface potential. On
control surfaces in UHV, the effects of illumination upon the TiO2 work
function were both immediate and gradual. Non-Elovitch type behavior
was observed suggesting the presence of at least two different
simultaneous surface processes. No changes in the Ti0, work function
were observed with sub-bandgap illumination. This finding, coupled with
the results of XPS experimentation suggest that the surface states on

the Ti0, surfaces are associated with cationic defects and that these

157



states do not appreciably communicate, at least under optical
stimulation, with the predominantly iomic Ti (3d) conduction band.
Further, the Ti0, work function continued to decrease with increasing
bandgap illumination intensity without saturation, indicating that
flat-band conditions could not be reached using moderate levels of
illumination.

The Ti0, work function is effected by exposure to anbients, both
during bandgap illumination and in a period shortly following such
illumination. The effect of ambient interacticns is to intially
decrease the Ti0, work function relative to those situations where no
ambient interactions are allowed. Further interactions with ambients
beyond this initial decrease in work function varied with bulk defect
type, cycling procedure, and interacting ambient(s).

Physisorbed overlayers were removed from the surface by pumping
the test chamber to UHV. Bandgap illumination in UHV again resulted in
immediate and gradual decreases in the Ti0, work function. The
immediate change in work function decreased, relative to control
conditions, with increasing previous ambient exposures. The amount of
gradual TiOZ work function change increased, relative to control
conditions, with the rate of work function decrease during this period

also increasing.

[D.] Surface State Modelling

Changes in the contact potential difference of the test cell were
analyzed via Gauss' Law to reveal fluctuations in the amount of surface
charge on the semiconductor. Plots of these charge fluctuations roughly
parallel changes in the TiO, work function. Changes in the surface

charge coresponded to: 1) photostimulated interactions inherent to the
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semiconductor, 2) the interaction of chemisorbed species with
semiconductor surface states, and 3) to the change in electron affinity
due to physisorbed overlayers. Comparison of the charge transfer
fluctuations during ambient interactions to control (no ambient
interactions) sequences allowed these combined effects to be determined
exclusive of the excitation and relaxation processes inherent to the
semiconductor. Similarly, after the removal of the physisorbed
overlayers, the amount of charge associated with chemisorbed species
could be unambiguously determined. Analysis of these measurements has
resulted in the following model of Ti0, surface states.

Two different sets of surface states appear on all tested TiO,
control surfaces. One set, having a low energy density of states, is
continuously distributed in energy from about 0.4 eV to 0.7 eV below
the Ti0, conduction band. These surface states have fast relaxation
times( "™ 1 psec),comparable to those of conduction band states.These
states are assigned to be cationic states perturbed from the conduction
band by surface defects. A second set of surface states, having a large
energy density of states lies 0.7 eV below the conduction band and
lowver. The energy range of this set of surface states could not be
fully probed with moderate illumination levels: the high density of
these states resulted in the pinning of the hole quasi-Fermi level
within their emergy distribution. These states have relaxation times of
several minutes, and have been assigned to be Ti3* defect states in
agreement with other i.nvest;igat:ort-:.so’58 The total numbers of these
fast and slow surface states are typically 5 x 1011 ¢n~2, and greater
than 1011 cm'z, respectively.

Under illumination, 1otogenerated holes first depopulate the

fast cationic surface states and then slowly depopulate the Tid*
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states. This continues until a steady state condition is reached
wherein the hole flux is matched by surface recombination. Upon
termination of illumination, the fast cationic states accept charge
from the conduction band first, leaving the depopulated, slow Tid+
surface states temporarily unoccupied. These slow states gradually
accept charge from the cationic states which in turn accept more charge
from the conduction band. This surface state repopulation continues
until the original equilibrium under darkened conditions is reached.
Charge transfer chemisorption of electronegative species occurs
on TiOz upon exposure to oxygen and water vapor. Physisorbed molecules
are thermally activated to form electronegative species which chemisorb
to the TiO, surface, interacting with and modifying the properties of
the surface states. The adsorption of these species reduce the number
of empty (hole occupied) surface states thus reducing the zecombination
of surface holes and conduction band electrons. This in turn increases
the density of electrons in the conduction band, increasing the bulk
Fermi level, reducing the surface band bending and the Ti0, work
function. Further ambient interactione beyond the observed initial work
function decrease are attributed to surface dipole layer construction
effecting the value of the surface electron affinity. Chemisorption
adsorbate interactions on the TiO, surfaces are irreversible.
Chemisorbed species produce modifications in the properties of
the fast cationic surface states. The properties and populations of
Ti3+ surface states are not appreciably effected by adsorbates. In the
presence of thermally activated electronegative species, the transfer
of electrons from occupied cationic states to umcccupied Ti3* defect
states allows the charge transfer chemisorption between electronegative

species and cationic surface states. The cationic states with their
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associated.chemisorbed species now constitute a third class of surface
states with photostimulated behavior differing from that of the
previously mentioned surface states. The effect of increasing ambient
exposures is to increase the number of adsorbate-effected states at the
expense of the cationic states. Upon illumination in UHV, the
adsorbate-effected states accept photogenerated holes from the valence
band more slowly than the original cationic states, at a rate
comparable to that of the Ti3+ defect states. Those cationic states at
the surface which were not effected by previous chemisorbate
interactions accept charge quickly, resulting in a fast initial
decrease in the work fuaction. The following gradual decrease in the
work function is due to the simultaneous acceptance of charge by both
the Ti3* defect states and the adsorbate-effected states. Consequently
the rate of work function decrease during this period is larger than
that of the same period during control sequences. During this pericd,
the depopulation of both Ti3+ states and the photodesorption of
absorbates occur simultaneously. The population of the adsorbste-
effected states vary with previous ambient exposures between zero and 5
x 1011 cn=2, These states display relaxation times of ‘t’“103 sec.

The surfaces of samples reduced at low hydrogen pressures, after
exposure to oxygen and water vapor ambients, displayed a photovoltage
inversion upon illumination in vacuum. This photovoltage inversion was
due to the flux of conduction band electrons, in addition to the flux

of photogenerated holes to the surface.

[E.] Photostimulated Properties of Ti0, Surfaces

Using the Gartner theory for the hole flux to the semiconductor

surface and contact potential difference measurements, the surface
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recombination velocities of the Ti0, surfaces with and without
adsorbates could be determined under illumination. During interactions
with cationic surface states, the SRV was too fast to be unambiguously
determined. Surface recombination velocities of 1 to 4 cm-sec™! were
obtained during hole interactions with Ti3* defect surface states and
with adsorbate effected surface states.

Fluctuations in the surface state populations due to changes in
experimental conditions were analyzed using simple Shockley-Read
recombination theory and the forementioned surface recombination
velocities. Cationic surface states displayed behavior similar to that
of the conduction band, and hence had very large effective hole
capture cross sections. Surface states associated with Ti3+ defects had
hole capture cross sections evaluated to be 10718 cmz, while the hole
capture cross sections for adsorbate-effected surface states were
analyzed to be about 5 x 10719 ¢n?, The influence of the chemisorbed
adsorbates is to modify the surface recombination velocity and the hole
capture cross section of the cationic surface states, substantially
reducing these parameters by several orders of magnitude.

[F.] Recommendations for Future Work

Several recommendations for future work can be made on the basis
of this investigation. The feasibility and merits of the study of real
Ti02 surfaces applicable to photoelectrochemical cell devices have been
demonstrated. Extension of the procedures utilized in this
investigation to further Ti02 real surfaces is in order.

(1.) Surface structure sensitive spectroscopies should be
employed to more fully investigate the origin of the surface states
discovered in this research. Reproduction of the surfaces utilized in

this study would be necessary.
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(2.) In an effort to understand the mechanisms of long term
stability in TiO, photoanodes, it is recommended that the procedures
utilized in this study be extended to Ti0, samples wherein the donor
defects are due to substitutional, rather than interstitial, defects.
Two possible donor defect types avail themselves: pentavalent cationic
substitution, and monovalent anionic substitution.

(3.) An attempt should be made to reproducibly oxidize titanium
metal foils to produce n-type semiconducting surface layers. Again, the
composition of the titanium foil, and/or the oxidizing agent(s) should
be modified to allow for substitutional, rather than interstitial n-
type defects. These layers should subsequently be investigated by means
similar to those used in this thesis invstigation to analyze the
properties and behavior of surfaces more realistic and applicable

actual engineering situations.
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APPERDICES

A: Selected Properties Qi,Iin (rutile)

Titanium dioxide crystallizes in three modifications: rutile,
anatase and brookite. Of these, rutile is tetragonal and is the subject
of this study. The crystal growth procedure and the dominant defect
reactions effecting the electronic properties of the material are
reviewed in Appendix B. A compilation of selected properties of Ti0y
(rutile) useful in this investigation is listed below. A more complete
set of information regarding the properties of Ti0, may be found in the

review article by Grant107 gng the references therein.

PROPERTY VALUE REFERENCE
Crystal System Eetragonal 108
(see Fig. A-1)
Space Group D4h14 109
Symmetry P4/mnm 109
Unit cell parameters a, = 4.492 A 35
co, = 2.830 A
Density 4.26 gn/cmd 82
Melting Point 1825°C 110
Hardness 6.5-7.5 on Mohs Scale 107
Bonding Largely ionic but with a 107
considerable covalent
contribution
Band Gap 3.02 eV (from the filled O 2p 111
band to the empty Ti
3d band)
Refractive Index see Fig. A-2 112
Resistivity see Fig. A-3 35
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PROPERTY VALUE
Absorption Coefficient, :
for unreduced crystals see Fig. A-4
for reduced crystals see Fig. A-5
Mobility see Fig. A-6

Dielectric Constant (300°K, 100khz)
parallel to c-axis 173
perpendicular to c~axis 89

Effective Mass, n* 12-100 m,

e

Electron Affinity 4.33 eV (calculated)
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B: Growth and Reduction of Ti0, (rutile)

Preparation of Ti0, Crystals

Rutile single crystals are most commonly grown by the the
Vexneuil, or flame fusion, technique. Boules are commonly grown in the
[001] direction. Growth by this method results in crystals deficient in
titanium. Consequently, crystals are reduced in vacuum or inmert gas
after growth until the proper stoichiometry is reached. To stabilize
the crystal stoichiometry, 0.01 wt. % Al,04 is typically added to the
Ti0, powder before flame fusion, although crystals can be grown without
this addition. The effect of the alumina stabilizer is to introduce an
acceptor impurity band. This effect can be most easily visualized by
the following reaction wherein Al atoms substitutionally replace Ti
atoms: (B-1)
Al503 + 2[Tilp; + 4[0]lg — 2[All7¢; + 4[0]g + 2[Til; + 3/20,(g) + 2n*.
In this equation, we have used the convention that [ ]Ti has a
quadruple positive charge and [ ]0 has a double negative charge. This
convention physically corresponds to the predominantly ionic crystal
structure of rutile wherein Ti%** ions are located at the octahedral
lattice sites, surrounded by six 0% ions (see Fig. A~1). The aluminum
acceptors act to compensate for the donor activity associated with
vacant oxygen lattice sites. These vacant oxygen sites arise due to the
loss of oxygen during the reduction following growth. The defect
reaction associated with t:is donor mechanism can be written as:
[0l — [Vlg + 1/204(g). (B-2)

Other than the intentional Al,05 stabilizer, impurities normally
found in rutile crystals are Al, B, Co, Cr, Cu, Fe, Mn, Mg (typically

less than 10 ppm), and Si (20-40 ppm). Defect impurities which exhibit
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valencies of 3+, such as Al and Cr, are expected to act as accepfor
sites. Introduced impurities having valencies of 5+, such as Ta and Nb,
are expected to produce donor act:i.vit:y.l‘”’118 it is anticpated that
silicon, which would be amphoteric in most III~V semiconductors, would
preferentially occupy oxygen sites, due to size considerations. In this
situation, silicon would act to contribute additional acceptor
activity. It is also possible to effect the electronic behavior of the
material by substitutionally replacing the cxygen anions: replacement
of the oxygen atoms with fluorine results in n-type conductivity.41
Impurity doping has not been utilized in this study, instead, doping of

Ti0y by meane of reduction has been used.

Semiconducting Tio,

TiO0, is usually made semiconducting by some form of reduction
such as heating in vacuum or hydrogen. This produces n-type conduction
in the crystal. The nature of the defects responsible for the n-type
semiconduction has been the subject of several recent
investigations.41’47’49'97'100'103'117'119 Departures from
stoichiometry occur when the oxide is reduced. Studies have shown that
the range of existence of point defects extends from 'I‘iO2 to about
T101.992.117 This change in composition would be produced by vacuum
reductions at about 1000°C. Further reductions result in
crystallographic shear trmsitions which generate a family of titanium
suboxides known as Magneli phases. For the reductions used im this
study (none above 600°C), the Ti0, is nearly stoichiometric and the
electronic behavior of the system can be formulated within the

framework of a point defect mode1,97,117,119
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Some concern has been raised as to the mechanism of n—-type
semiconduction in Ti0,, particularly in light of the possibility of
electron carriers generating plasmons which in turn couple with the
phonon modes of the crystal. Thermal and optical investigations have
discounted this possibility however, and it can reasonably be assumed
that the dominant conductivity mechanism is the activation of carriers
between ordinary energy bands.100,119

During vacuum reduction treatments, the crystal loses weight due
to the loss of oxygen and possibly water. The oxygen vacancies so
formed {reaction (B-2)] may ionize and leave some of their adjacent
titanium neighbors in a 3+ state which, in turn, may act as donors:
[Vlg + 2[Tilp; — [VIp* + 2[Tilp;” , wherein (B-3)
[Ii]Ti_ — [Ti]Ti e . (B-4)
We here have again used the convention that [ lg is 2-, and [ lp; is
4+, Several workers have also observed the appearance of titanium
interstials upon vacuum reduction.#1,49,100-102 gpp studies have
indicated that [Ti]Ti' ions are perturbed from their lattice sites and
relocated at the (1/2,0,1/2) interstices of the rutile structure.102
These defects contribute donor activity by ionizing according to a
reaction similar to (B-4).

The reduction of rutile in hydrogen induces approximately the
same amount of n-type conductivity at temperatures “"200°C lower than
those required in vacuum anneals.103 These lower temperature anneals
result in a higher degree of order in the crystal, hence longer hole
lifetimes and fewer recombination centers. Infrared absorption peaks
due to OH groups are dramatically increased by hydrogen reduction,
suggesting the formation of OH bonds.37,41,102 We may think of the n-

type conductivity in hydrogen reduced TiO, crystals as resulting from
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the change of divalent 0T lattice ions to monovalent OH™ ions which
leave the adjacent titanium lattice ions to act as donors:

1/2 Hy + [0]g + [Tily; — [oHlg* + [Tilp;™ . : (B-5)
Again, the preceding convention has been used, and the [Ti]Ti' donors
ionize according to (B-4).

The effects of the bulk defects in Tioz, including oxygen
vacancies, titanium donors (both lattice and interstitial) and impurity
defects have been discussed in section 2.3.2. Complications in these
effects which occur as a result of the use of TiO, in

photoelectrochemical cells have also been dicussed in this section.
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C. Derivation of Equations
Equation (2-14)

The total current density through a reverse bias depletion layer
is given by
Jtor = Ja1 * Jaifs
where Jg1 is the current demsity due to carriers generated within the
depletion layer, and Jaiff is the current density of minority carriers
generated outside the depletion layer in the bulk of the semiconductor
and diffusing into the reverse bias junction. In the case of
monochromatic radiation, absorption and pair generation characteristic
is given by the equation
g(x) = I exp(-o¢x)
where g(x) is the generation rate, Io is the total incident photon flux
and X is the absorption coefficient. With this, J41 is found to be

-xW

Jd1 = 4 /{w;(x) dx = q I (e -1), (1)
where W is the depletion layer thickness. Under conditions of reverse
bias, W is give by (neglecting thermal effects) :
W= (28&/qup)1/2 (v - v )12,

For an n-type semiconductor, the hole density diffusion equation is

given by
d?p P-Po -
D - = g(x
P dxz T

where Dp is the diffusion coefficient of holes, p the hole density, and
T is the excess carrier lifetime. The solutiom to this equation
subject to the boundary conditions of p = Ppat x =00, and p=0

at x = W yields
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- W [(W—x)/Lp] -Xx
e

P =P, - (py + Ae ) + Ae ,
1/2 I, o« 2 Ly
where Lp = (DP'C') and A = ( ) — . The diffusion
D, ol (1~ L, )

current density, Jadiff = qup, at x = W can thus be given as

oLy exp(-otW) Dy _
Jdiff = =q IO - q po (—-‘) (11)
(1 +x L, ) Ly

In large band gap semiconductors where Po ™ 0, the last term is
negligible. Combining equations (i) and (ii) and assuming that W >> 1,

we have

exp(~ (W)
} . (Equation 2-14)

J =-ql {1 -
tot o
(1 + xXL))
P
The limitations of this equation, aside from those mentioned in this
derivation are that effects such as carrier recombination at the

interface are ignored, and that the boundary conditions are not

adequate near flat band conditions ( V = Vfb).68

Equation (2-15)
Using Fick's first law to find the surface concentration of holes

due to illumination of an n-type semiconductor we have:

-0, (’%?’)lxﬂ =I1-1,,

where I is the incident band-gap light absorbed by the crystal and
I,, is the surface recombination rate. The result is
I - Isr

(DPILP)

AF"x=0

or, by dividing this equation by the equilibrium hole concentration in
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the bulk,

B Pgyrf _ Lp

[r-1.1] (i)
Po PoPp

Sustitution of equation (i) into the quasi-Fermi level for holes
[equation (2-1)] ,rearranging and dividing by q yields:73

L
Von = (kT/q) In{ 1 - (—2—) [1- Isr{} . (Equation 2-15)
Dppo

Equation (2-19)

Consider a homogeneous semiconductor under uniform and steady
excitation. The presence of surface recombination in addition to bulk
recombination requires a net flow of carriers to the surface. An
explicit expression for the surface recombination in terms of surface
potential and other pertinent parameters of the surface states
involved can be obtained using the recombination theory of Shockley and

Read. Many et.al.’% utilize this theory to obtain an expression for the

surface recombination velocity which is the ratio of the rate of
minority carrier flow into a unit surface area to the excess minority

carrier density in the bulk just below the surface. This expression is
; VR
(n7R) e VK, K,
=M, - E. e -E;
T O SN RO G2 BT

For the application of this equation to non-degenerate Ti0,, several

(SrV) = (i)

simplications can be made to make this expression less cumbersome.
First, considering the large band gap of the material, and the typical
doping levels of n-type material (ny *107¢m™3), one can assume that
the bulk hole density, equal to that of the intrinsic hole deusity is

negligible compared to the bulk electron density. Thus (nb + pb) can be
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approximated as being equal to n,- The surface trap capture
“probabilities, K, and K, can, in the absence of any better information
be assumed equal. Conmsequently, (K, KP)IIZ = K, which is related to the
capture cross section and hole thermal velocity by KP = Ap<c>. The
parameter U, is defined as Uy = In (Kp/Kn) and hence vanishes when the
capture probabilities are equated. Further, when the argument of the
cosh functions is greater than 5, as is the case for TiO, doped n-type
1017 cm-3, the function may be approximated without incurring any
significant error by;

cosh x ™ 1/2 exp(x), for x>5.

With these assumptions, expression (i) above can be simplified to

. EL - E; ) B - EL)
X ¢

ﬂtexp( A + “;€XP &_"‘F’\_F_

The photogenerated electron demsity, ni*,

(SRV) = (ii)

can be related to the
intrinsic electron density, n;, by the difference between the quasi-
Fermi levels for hole and electrons:

ni* = nj exp [(En* - Ep*)/ZkT] .

Under moderate illumination, the number of photogenerated electrons is
much less than the bulk electron density at room temperature, hence the
quasi-Fermi level for electrons at the surface is approximately equal
to the standard Fermi level, Ef,s*’ Further, if an appreciable density
of donor surface traps exist, the quasi~-Fermi level for holes will be
pinned at the energy level of these surface states.ll As a consequence,
the photogenerated electron density can be written:

n-

* *
i =mnjexpl(Eg o~ - E.)/2kT] .

Substituting this equation into the denominator of expression (ii)

above, one obtains:
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— N, © ‘3? r;t —— (Equation 2-19)
' € EL~E ) £s ~ o<
“ciexr(—ﬁ—) *6‘1’( kT ) ""P( kT )] ~

Equation (2-22)

(SRV) =

Weber8® has proposed that chemisorption may involve the
overcoming of a thermal activation energy barrier. The particular
chemisorption process (covalent bonding or ionic charge transfer) is
dependant upon the thermal activation of the adsorbate. This model was
verified by the charge transfer chemisorption of oxygen on Zn0 by
Lagowski, Sproles and Gal:os.81 Presently, the model of charge transfer
chemisorption of oxygen on Ti0, will be developed from first principles
and compared with the empirical model of Lagowski et.al. Extension of
this model to the treatment of water vapor chemisorption on Ti0, is
obvious.

The chemisorption reaction is assumed to be of the form
B /2 0,(8) + e” = 07(s)
where physisorbed surface molecular oxygen exhchanges change with the
semiconductor, becoming chemisorbed. The rate at which this reaction
proceeds is determined from chemical kinetics to be

d[o;]

= k]_[e-] [Oz(s)lp/Z - k2[0—]
dt

However, experiments show that equilibrium established in a pressure of
oxygen which is subsequently evacuated results in no desorption of the
chemisorbed species. Consequently, the reverse reaction rate, ky, may
be ignored.

The term [oz(s)]P/Z represents the amount of oxygen physisorbed

to the surface. Typically, [Oz(ts)lfq/2 = ¢P%’/2 go that the charge
0
2

transfer rate, equal to the rate O~ chemisorption, can be written
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dnt DP/Z

dt 02

wherein n; is equal to [e”]. The foward reaction rate is taken from
chemical kinetics to be of the form

kj = <c> Ay nep, exp(—g P /xT)

where Demp is the density of empty surface states which interact with
the chemisorbing species, i.e. Demp = (g0 - nocc)’ <c> is the thermal
velocity of electrons, A  is the capture cross section of the
activated surface states for electrons, and (-q p/k'.[) is the
dimensionless thermal activation energy. With this expression, and the
substitution that ng = ny exp(-qu/kT), the charge transfer rate can be

written as

— =¢c P <e> Ay (nyop = mg.) expl—q ¢/k1‘) ny exp(-qVy/kT)
dt 02
(Equation 2-22)

This equation developed by Lagowski et.al. for the chemisorption

of oxygen on ZnO, utilized values of nf = 1.8 and (-q /kT) = 0.72 eV,
such that the values of Nepmp 2nd A, are 1015 cp=2 gpg 10-16 cm?,
respectively, are obtained. This equation is developed from chemical
kinetics and is different from charge trapping via Shockley-Read
recombination theoryn', which yields unrealistically small capture

cross sections, in that a thermal activation energy appears.
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D. CPD Ambient Cycling Data

In this appendix, data derived from light and dark ambient
cycling, as depicted in Figures 4.11 and 4.12, are presented. The
volume of data precludes the possibility of presenting this information
in the body of this work. Data concerned with the "hydrogen annealed"
samples, reduced at 400°C in 1 atm of H, for 48 hours, is presented
first. Data from the "vacuum annealed" samples, reduced at 400°C in 10~
7 atm H, for 48 hours, is then presented. The bulk donor densities
associated with these samples are 4 x 1017 cm=3 and 2 x 1017 cm'3,
respectively. Ambient cycling was done under three different sets of
ambients: 0,5, H,0 and (02 + HZO). The ambient pressures used in the
cycling procedures and the resulting exposures are listed in Table 5.1
The data presented in figures D-1 through D-24 do not represent all of
the data from experimentation. For the sake of clarity, those data
which do not exhibit some change in the cycling transients do not
appear. The phenomenological work function differences reflect the
measured CPD variations through the relationship A.¢Ti0; -ACPD
according to the discussion in section 4.3.4. The changes in )ZT]»_O with
ambient cycling are presented here. Also presented are changes in the
surface charge,An , with ambient cycling. These data are generated
through the use of equation (4-6), knowing the changes in the nulling

voltage.
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