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Introduction

The significant achievements accomplished in this program include: 1) the first
demonstration of osmium polypyridyl compounds as sensitizers; 2) the first demonstration of
donor-acceptor compounds as sensitizers; 3) the first utilization of alternative acac based
sensitizer-semiconductor linkages; 4) the first demonstration of “remote” interfacial electron
transfer; 5) the first application of bimetallic compounds as sensitizers; 6) the first correlation of
the interfacial charge recombination rate constant with the open circuit photovoltage in sensitized
materials; 7) the first demonstration of a solid state dye sensitized TiO, celi; 8) an alternative
band edge unpinning model for the nanocrystalline TiO,/electrolyte interface at negative applied
potentials; and 9) the first self-consistent model of electron transport in dye sensitized TiO, films.
In the following sections we summarize some of the results from this program and highlight the
key findings.




Novel Molecular Sensitizers and Interfacial Electron Transfer Kinetics

Sensitization of TiO, materials to visible light occurs most efficiently and effectively
with Rull polypyridyl compounds as molecular sensitizers [1]. Electron transfer from the metal-
to-ligand charge transfer (MLCT) excited states to the TiOy material forms an interfacial charge
separated pair, [TiOy(e”)]-Rulll]. Forward electron transfer rates from the MLCT excited states
of Ru(dcb)(bpy)22* (where dcb is 4,4’-(COOH);-2,2’-bipyridine) and related sensitizers
anchored to TiO; were quantified, with some assumptions, by picosecond photoluminescence
measurements [2]. The data are well described by a log-normal distribution of interfacial
electron transfer rates with peak amplitude ~10% - 1010 -1, Back electron transfer from TiO; to
the £, orbitals of the Ru'll center was initially explored by time resolved diffuse reflectance
spectroscopy [3]. Interfacial electron transfer occurred on a microsecond time scale and could be

fit to a single exponential process, k=3 +2 x 106 s-1. More recently we have prepared
| transparent sol-gel processed TiO; colloids, films, and membranes that allow spectroscopic
measurements to be performed in a transmission mode. With a much improved signal to noise
ratio, the kinetics are non-exponential but well described by a sum or a skewed distribution of
first order rate constants. Average rate constants abstracted from these models do agre.evwell
with the diffuse reflectance measurements [4].
o We recently reported the preparation, spectroscopic, surface
o ° attachment, and photoelectrochemical properties of a Rull compound
coordinated to a 2,2’-bipyridine ligand with a pendant acac derivative
(abbreviated bpy-acac), shown on the left [5]. The compound
Ru(dmb),(bpy-acac)?*, dmb is 4,4’-(CH3);-2,2’-bipyridine, was prepared and anchored to sol-
- gel processed TiO; and ZrO; nanostructured films. Surface attachment was well described by
the Langmuir adsorption isotherm model that allows an adduct formation constants to be
abstracted. The surface coverage was about a factor of three lower than that measured for
related sensitizers based on carboxylic acid groups. The rate of electron injection from
Ru(dmb),(bpy-acac)?+* to TiO, was faster than we could time resolve with our apparatus, ker> 5
x 107 s°1. Back electron transfer to ground state products was well described by the Kohlrausch-
Williams-Watts model which yields a mean rate constant of 9.62 + 0.77 x 104 s-1. An important




finding from these studies is that intimate electronic communication between the surface binding
group and the chromophoric ligand is not a strict requirement for efficient interfacial charge
separation [5].
The attachment of the donor-acceptor compound Ru(dcb)z(4-CH3,4’-CH,-PTZ,-bpy)]?+,
where PTZ is phenothiazine, to TiO; represents our initial effort to control regeneration of the
oxidized sensitizer by intramolecular electron transfer [6]. The strategy in the design of this
compound was as follows. A visible photon creates the
MLCT excited state that rapidly and efficiently injects an
electron into TiO3. It is then thermodynamically
downhill for the pendant PTZ group to reduce the Ru(IIl)
center by ~ 600 mV. The net effect is an interfacial

- charge separated pair with an electron in TiO; and the
hole on PTZ abbreviated [TiO3 (e)|-Ru(Il}-PTZ*]. The
hope was that by translating the hole from the metal

center to the PTZ group the electronic coupling to the

surface would decrease and the back reaction slowed down. This expectation was realized. The
interfacial charge separated state [TiO; (e7)|-Ru(II)-PTZ*] recombines to ground state products
on a millisecond time scale, k, = 3.6 x 103 s°! in propylene carbonate. This is approximately
three orders of magnitude slower than a model compound, Ru(dcb);(dmb)?2+, that does not
contain the pendant PTZ group. Furthermore, the measured recombination kinetics directly
predict the increased open circuit voltage measured in a regenerative solar cell when compared to
a model compound. Remarkably, these materials behave like ideal diodes over S decades of
irradiance! Our ability to relate molecular recombination kinetics to the voltage output in a
regenerative solar cell is unprecedented. The strategy of hole translation by intramolecular
electron transfer was successful and can be applied to other molecular assembilies to prevent
charge recombination and increase solar conversion efficiencies.

These studies were extended to interfacial charge separation with a related assembly that
consists of Ru(dcb)(dmb),2+/Ti0O, with PTZ derivatives in fluid solution [7]. To help bridge the
gap between colloidal solutions and nanocrystalline films, both were explored. Through a




combination of transient absorption and luminescence spectroscopies we have been able to
quantify the electron transfer dynamics shown schematically below. In these materials, hole
transfer from the surface bound Rulll{dcb)(dmb);3+ center to a PTZ derivative in fluid solution
was time resolved and occurred with approximately the same rate for both colloidal solutions and
films, k= 3.6 + 0.6 x 108 M-1s-1. Significantly, the phenothiazines were able to reduce all the
oxidized sensitizers on the TiO; surfaces within experimental error. In colloidal soiutions the

charge separated pairs, [TiO2(e-)|-Rulll, PTZ+], recombine on a notably long time

k ~10"s"

k =4x10°M's"
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scale, k= 1.3 +£ 0.3 x 107 M-1s-1. The corresponding process in colloidal films also follows
second-order equal-concentration kinetics however, the relevant path length is unknown and the
corresponding second-order rate constant is less certain. Regardless of the actual rate constant,
the high local concentrations present in the colloidal film result in a much shorter lifetime for
charge separated pairs.

In an effort to achieve improved molecular control of sensitizer orientation bimetallic
coordination compounds based on rhenium and ruthenium were employed. The bimetallic
compounds [(dcb)Rel(CO)3-CN-Rull(bpy)2(CN)](PFs) and the linkage isomer [(dcb)Rel(CO)3-
NC-Rull(bpy)2(CN)](PF¢), were prepared, characterized, and anchored to sol-gel processed
nanocrystalline TiO; and'ZrOZ surfaces [8]. The facial geometry about the Rel center orientates

the Rull center proximate to the TiO; surface as is shown. Long wavelength excitation is




absorbed almost exclusively by the -Rull(bpy), group.
Photoelectrochemical and time resolved absorption
measurements demonstrate that rapid and efficient interfacial
electron transfer and a remarkably high light-to-electrical energy
conversion can be realized even though the chromophoric unit is

remote to the semiconductor-bound ligand. An important

implication from this conclusion is that chromophores bound to

TiO; through non-chromophoric ligands or non-covalently may also efficiently separate charge.
Further, back electron transfer to ground state products was slowed down by approximately a
factor of two when compared to cis-Ru(dcb)2(CN)2 anchored to TiO; and measured under the
same conditions [9]. This observation suggests that an as-of-yet undetermined optimal
sensitizer-surface orientation exists, wherein charge separation is still efficient but, the back
reaction is further inhibited.

‘We have made considerable progress in the development of black Ru(Il)polypyridyl
complexes for this application. For ruthenium diimine compounds, the metal-to-ligand charge
transfer (MLCT) absorption can be extended to longer wavelengths by appropriate substituent
changes on chromophoric ligands or by decreasing the dn—n* back bonding donatidn to non-
chromophoric ligands. In our initial studies, we employed the former approach and utilized
diimine ligands substituted in the 5,5’-positions that have lower n* accepting orbitals than the
commonly utilized 4,4’-(COOH),-2,2’-bipyridine, dcb. With this ligand we prepared a family of
compounds of the general form cis-Ru(5,5’-dcb), X, where X is CI', CN, and NCS', and
contrasted the photophysical and photoelectrochemical properties with the analogous sensitizers
based on dcb. While some spectral enhancement was observed, the sensitizers did not perform as
efficiently as those based on dcb. Photoelectrochemical and photophysical measurements
indicated that the decreased solar conversion efficiency was largely due to a lower quantum yield
for interfacial charge separation [10]. The results indicate that these sensitizers would be more
efficient with a semiconductor material that has a more positive conduction band Vedge, tin oxide

for example.




An alternative approach to increase spectral response is to utilize metals other than
ruthenium. While our proposed studies with Fe(II) and Cu(I) chromophores have thus far been
unsuccessful, we have achieved broad spectral response with cis-Os(dcb),(CN), This complex
sensitizes TiO, to wavelengths longer than 700 nm [11]. The photocurrent response at short
wavelengths is not as high as that observed for the analogous Ru(Il) sensitizer. Diffuse
reflectance and transient absorption measﬁrements demonstrate that the lower photocurrent
efficiency stems for less efficient iodide oxidation [12]. To achieve high photocurrent production
with Os(II) polypyridyl sensitizers alternative strategies must be adopted to enhance donor
oxidation efficiencies. Stronger reducing agents as electrolyte donors or sensitizers with more

v

positi?e Os"™ reduction potentials will produce higher photocurrents. Studies of this type, could

lead to efficient semiconductor sensitization by Os(II) transition metal complexes.
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A Solid State, Dye Sensitized Photoelectrochemical Cell

We have achieved one of the first demonstrations of a solid state, dye sensitized
photoelectrochemical cell using a polymer gel electrolyte. A typical example of an electrolyte
composition was 1.4 g of polyacrylonitrile, 10 g of ethylene carbonate, 5 ml of propylene
carbonate, 5 ml of acetonitrile, 1.5 g of Nal and 0.1 g of I,. The electrolyte was solution cast
onto the dye-coated TiO, film and pressed together with a platinum coated ITO counter
electrode under N, atmosphere in a glove box.

Figure 1 shows current - voltage curves for a cell with the polymer gel electrolyte in the
dark and under white light illumination at an intensity of 30 mW cm2. The current - voltage
curves were obtained at a scan rate of 5 mV s-1 in a two electrode arrangement. The short
circuit current for the cell, shown in Figure 1, is 3.4 mA cm2 and the open circuit voltage is
0.58 V, comparable to cells with a liquid electrolyte. The fill factor is 0.67 giving an overall
energy ‘conversion efficiency of 4.4 %. Identical results were obtained from current - voltage
curves recorded by varying an external 1oad resistor. The dark current-voltage curve shows a
very small anodic current in the potential range of the photocurrent plateau and the onset of a
cathodic current at about -0.4 V, presumably due to iodine reduction.

Figure 2 shows the incident photon-to-current conversion efficiency (IPCE) versus
wavelength for the polymer gel electrolyte cell. The photocurrent spectrum is relatively broad,
characteristic of the 4,4'-(dcb),Ru(SCN), dye absorption spectrum. The IPCE exhibits a peak
at 540 nm with a maximum of 37%, about a factor of 2 lower than the values usually obtained
for cells with a liquid electrolyte.

In summary, we have fabricated a dye sensitized porous TiO, photoelectrochemical cell
with a polymer gel electrolyte. These cells exhibit open circuit voltages and fill factors
comparable with liquid electrolyte cells and have an energy conversion efficiency of 3-5 %
under white light illumination. The quasi-solid state cells exhibit transient behavior similar to
cells with liquid electrolyte suggesting that ion transport in the polymer gel electrolyte does not
inherently influence the performance of these cells. Preliminary results under extended
illumination suggest that the long term stability of the gel electrolyte cells is similar to that of
liquid electrolyte cells. Optimization of the TiO,/polymer gel interface should help to further
increase the efficiency and stability of the cells.
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Figure 1. Current - voltage curves for a polymer Figure 2. Incident Photon to Current
gel electrolyte cell in the dark and under 30 mW Conversion Efficiency (IPCE) of a
cm-2 white light illumination. The curves were polymer gel electrolyte cell versus
obtained in a two electrode arrangement at a scan wavelength.

rate of Smv s-1.

Electron Transport in Porous Nanocrystalline TiO;
Photoelectrochemical Cells

Many recent innovations in photoelectrochemical solar energy conversion have been based
on the use of porous nanocrystalline films [1-5]. These films are usually comprised of a three
dimensional network of interconnected nanometer sized particles and exhibit many unique
optical and electrical properties in comparison to planar single crystal or polycrystalline films.
Nanometer sized particles are generally too small to sustain significant electric fields so that
charge separation must be achieved by some other means. In one approach, sub-bandgap
illumination may be used to excite dye molecules attached to the surface of the particles. The
excited state of the dye molecule injects an electron into the particle and the dye is regenerated
by an electron donor in the solution. Minority carriers are not involved in this process so that
electrons may be collected with high efficiency as long as recombination in the form of electron
transfer to an electron acceptor in the solution or to the oxidized form of the dye can be

minimized. Dye sensitized, nanoporous TiO, photoelectrochemical cells are an example of this

~J




“approach and remarkably high energy conversion efficiencies have been achieved [1]. Another
unique property of porous nanocrystalline films compared to single crystal materials is the high
surface area. This is an important feature for the dye sensitization approach since high dye
coverage is critical to obtaining high absorption coefficients for the films and hence high
conversion efficiencies [1].

Previous studies on dye sensitized TiO, photoelectrochemical cells have shown that the
photocurrent transient response is relatively slow with time constants on the order of
milliseconds to seconds [6,7]. In contrast, the rate of electron injection into the TiO, electrode
from the excited state of the dye molecule is a very fast process with time constants on the
order of 10-9 s or smaller [8]. As a result, the transient response of devices based on porous
nanocrystalline films is expected to be dominated by electron transport through the particle
network. We have performed photocurrent transient measurements and Intensity Modulated
Photocurrent Spectroscopy (IMPS) of dye sensitized porous nanocrystalline TiO,
photoelectrochemical cells. We have shown that the transient response is dominated by
electron transport in the film and can be explained by a diffusion model where the diffusion
coefficient for electrons in the particle network is a function of the light intensity.

Figure 1 shows examples of photocurrent transients under monochromatic (A = 514
nm) illumination at 0.05 mW cm2 and 4 mW cm-2. At an illumination intensity of 0.05
mW cm-2, the steady state photocurrent density was 6 LA cm2 and the rise time was 60
ms. The rise time ty, is defined by the time at which the current reaches half the steady
state value. At very low light intensity the rise time was longer than 1 second. On
increasing the light intensity, the rise time becomes progressively shorter, as can be seen
in Figure 1b, which shows a photocurrent transient at 4 mW cm-2 where the steady state
photocurrent density is 0.4 mA cm-2 and the rise time is 8 ms. At very high light
intensities the transient response exhibits a subsequent decay due to diffusion limited
transport of the redox couple in the electrolyte.

Figure 2 shows the steady state photocurrent and the maximum photocurrent plotted
versus the incident light intensity. The maximum photocurrent is linear with the light
intensity up to the highest light intensity in our experiments. The current maxima
correspond to an incident photon to current conversion efficiency of about 20% through
the whole light intensity range. This cell exhibits a threshold light intensity of about 10

mW cm2 below which the photocurrent maximum corresponds to the steady state value;
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at higher light intensities the photocurrent rise is followed by a decay process due to
limiting transport of the redox couple in the electrolyte. The threshold light intensity is an
indicator of the optimum operational limit of the cell. A threshold light intensity of 10to
50 mW cm-2 was usually observed, which is slightly smaller than the solar intensity at

'AM 1, implying that the operation of these cells would be more efficient under diffuse
sunlight.

Figure 3 shows a typical photocurrent rise at a light intensity of 4 mW cm2 on a
semi-logarithmic plot. In this plot, a simple exponential rise would yield a straight line
from which the time constant of the transient could be determined. The photocurrent rise,
shown in Figure 3, is characterized by a fast component and a slow component illustrated
by the two nearly linear regions in the plot. The linear region of the fast component
usually extends over more than one time constant in the semi-logarithmic plot showing
that the transient response is dominated by the fast component. The rise time of the fast
component was generally found to be from several times to an order of magnitude smaller
than that of the slow component. We have shown that the two components are derived
from diffusion controlled electron transport in the film.

Figure 4 shows that the rise times exhibit a power law dependence on light intensity
with a slope of -0.7. The rise times ranged from milliseconds to seconds over a light
intensity range of almost three orders of magnitude. The exponent varied from sample to
sample but for all experiments was in the range -0.6 to -0.8. Similar resixlts were
obtained for cells with liquid electrolyte.

Carrier transport in the semiconductor film can be described by the continuity equation:

on 1 dJ
HTew TOR

where n is the electron density under illumination, J is current density in the film, and G and R
are the carrier generation rate and recombination rate, respectively. In the dye sensitized
porous TiO, film, the generation rate can be written as G = T'a exp ( — ox) , where I is the
photon flux and @, is the wavelength dependent absorption coefficient of the dye sensitized
film. This implies that the dye concentration is uniform throughout the film. Recombination is

. . . n-n
assumed to be proportional to the electron concentration and can be written as R = 0

To




where ng is the electron density in the dark and 1y is the position independent electron lifetime.

Due to the small particle size, carrier migration can be neglected. Assuming that the current
density is dominated by diffusion the continuity equation becomes: -

a(D n(x,) O(n(x.0)

0 g ox ) an(x,t) n(xst) )
ox - %

+Toexp(~ax) =0

where Dy is the diffusion coefficient in the dark. The first two terms represent the electron flux
and the change in electron concentration with time, respectively. The third term represents the
recombination rate and is characterized by the time constant 7. The fourth term is the rate of
electron injection from the photoexcitation process.

A numerical solution for the continuity equation was obtained using a Forward Time

Central Space (FTCS) algorithm. The parameter 7y describes the absorbance of the film and is

2
given by y=ad where d is the film thickness. The term B = g:go and is proportional to the

light intensity. Figure 1c shows calculated transients for ad=10 and ad=3. Note that ad=10
would be obtained for a 10 um thick film with an absorption coefficient of 104 cm-1. The B |
values of 1000 and 300, respectively, were chosen to give the same photon flux. The inset in
Figure 3 shows these transients on a semi-logarithmic plot. For the case where ad=10,
corresponding to strong absorption, the photocurrent rise is characterized by two
components with the initial fast component extending over more than one time constant in the
semi-logarithmic plot. These features are consistent with the experimental observations. For
the case where ad=3, corresponding to a relatively weak absorption, the transition between the
two processes is not as distinct. This is due to the fact that fewer electrons are injected in the
vicinity of the back contact thus slowing down the fast component of the photocurrént rise,
while more electrons are injected in the outer portion of the film thus speeding up the slow
component.

Figure 6 shows the evolution of the electron concentration profiles, calculated from the
continuity equation, for the transients shown in Figure 1c. The concentration profile during the
fast part of the transient is characterized by a steady build-up of a concentration peak within a

short distance of the back contact. In the slow process, the electron concentration in the outer
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portion of the film builds up to the steady state concentration gradient. In the absence of
recombination of electrons with acceptors in the electrolyte the concentration peak moves to the
outer part of the film resulting in a monotonic distribution of electron density in the electrode
with the outer part of the film having the highest electron concentration. For the case of
relatively weak absorption in the film (ad=3), the concentraﬁon peak is far away from the back
contact and the initial increase of the peak is much less pronounced. These results show that
the fast and slow components of the transients reflect the variation of absorption efficiencies of
different dye sensitized TiO, films.

Figure 7 shows a logarithmic plot of the rise time, ts, of the calculated transients as a
function of the incident light intensity in terms of the dimensionless absorption coefficient yand
the dimensionless light intensity f. The rise times of the calculated transients exhibit a power
law dependence on light intensity with a slope of -0.5, similar to the experimental results
shown in Figure 4. At the low light intensity limit, the time constant reaches a plaieau
corresponding to the condition where n— ng and D— Dy. A low light intensity for the onset
of the rise time plateau is an indicator of low dopant density in the film. Experimentally, this
plateau was not observed and time constants longer than 1 s were seen at very low light
intensities. These observations give an upper limit for the dark diffusion coefficient Dq of 107
cm? 5”1 much smaller than the value for transport of free electrons in single crystal TiO,. In
addition, we obtain an upper limit for the product ngDg on the order of 109 cm-1 s°1,

The features of the simulation can be changed by further modifying the diffusion equation.
The slope in Figure 7 is related to the concentration dependence of the diffusion coefficient and
it can be shown that if D o< n"\, then the slope is given by -1//(1+1). A stronger concentration
dependence of the diffusion coefficient will increase this slope corresponding to a stronger
dependence of the photocurrent rise time on the light intensity.

Introducing a recombination term into the continuity equation has little effect on the fast
component of the transient but suppresses the slow part since electrons in the outer part of the
film will recombine before reaching the back contact and contributing to the current. In this
case the slow process is removed from the transient behavior, resulting in an overall faster
transient response and lower steady state current. The inclusion of the recombination term also
leads to a peak in the steady state electron concentration profile in the film. The appearance of

the slow part of the transient is itself indicative of a relatively long lifetime for electrons in these
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films.

The IMPS response can be also calculated for the diffusion controlled transport model with
D« n (n=1). Figure 5b shows a complex plane plot of the IMPS spectrum calculated for
od=10 revealing two relaxation processes corresponding to the fast and slow components seen
in the both the experimental and calculated photocurrent transients. The time constant
associated with the imaginary maximum corresponds to the fast component while the time
constant associated with the lower frequency semi-circle is associated with the slower
component. For the case of strong absorption (0d=10) the two processes are clearly seen in
the complex plane plot. The complex plane IMPS spectrum obtained for cd=3 at the same
light intensity, Figure Sc, shows that the difference between the time constants of the two
components becomes smaller when the absorption depth becomes sufficiently large.
Experimentally, the separation between the two processes is not clearly distinguishable as seen
in Figure 5a. The calculations presented here show two limiting cases and are not intended to
give the best fit of the experimental data.

The time constant obtained from the frequency at the imaginary maximum for od = 10
decreases as the light intensity increases, as shown in Figure 7. The time constant from the
calculated IMPS response is shorter than the calculated transient rise time consistent with the
experimental observation shown in Figure 3. In the transient measurements, an electron
concentration gradient has to be built up from the dark electron density in the film, which
makes the photocurrent rise a rather slow process. In the IMPS measurement, the existing
steady state electron concentration increases the diffusion coefficient, leading to a smaller time
constant in the IMPS measurement.

In summary, the photocurrent transients observed for dye sensitized nanoporous TiO,
films are relatively slow. Under backside illumination, the photocurrent rise is characterized by
a fast component due to injection of carriers close to the contact and a slow component related

to the build-up of the electron concentration gradient in the film to a steady state value. The fast

component dominates the transient response and extends over more than one time constant on a

semi-logarithmic plot. The rise time of the photocurrent transient exhibits a power law
dependence on light intensity with an exponent of -0.6 to -0.8. The time constants obtained
from IMPS measurements exhibit the same dependence although the values were smaller than

those obtained from transient measurements at the same light intensity. The essential features
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of the nonsteady state response can be described by a diffusion model where the electron
diffusion coefficient is dependent on light intensity. Physically, this model is consistent with
an electron transport process controlled by thermal excitation from trap states in the particles.
We emphasize that the diffusion coefficient D is expected to be a function of the sample
morphology and preparation methods. Finally, we pote that this model can also be applied to
porous nanocrystalline electrodes without dye sensitization, provided that the photogenerated

holes are removed rapidly.
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Figure 1. Photocurrent transients recorded under monochromatic (514 nm) illumination at a
light intensity of (a) 0.05 mW cm2 and (b) 4 mW cm2. The TiO, electrodes were biased at 0
V. (c) Photocurrent transients calculated according to equation {4} for ad=10 and ad=3. The
values for B used in the calculation were 1000 and 300, respectively, and were chosen to
correspond to the same light intensity. The abcissa is dimensionless time t* defined by

Dgt . . . T .
t = —d—g and the ordinate is the quantum efficiency @. Recombination is neglected in the

calculation (Tg — o).




0.01}

0.001
0.001 0.0t 0.1 1 10 100

P (mW cm-2)

Figure 2. The photocurrent maximum (o) and the steady state photocurrent (x) plotted versus
monochromatic (514 nm) light intensity. The TiO, electrodes were biased at 0 V.
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Figure 3. (a) Semi-logarithmic plot of a photocurrent transient under monochromatic (514 nm)
illumination at 4 mW cm2. (b) Semi-logarithmic plot of the calculated photocurrent transients

from Figure 1(c).
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Figure 4. The photocurrent rise time (0) and IMPS time constant (¢) of a TiO, cell biased at 0
~ V versus the monochromatic (514 nm) light intensity.




Figure 5. (a) Complex plane plot
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Figure 6. Calculated spatial distribution of the electron concentration in the film obtained from
equation {4} as a function of dimensionless time t* for (a) ad=10, B=1000 and (b) od=3,

B=300.
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Figure 7. Dimensionless photocurrent rise times (o) and IMPS time constants (¢) calculated
from equation {4} plotted versus B. For all calculations ad=10.




Optical Properties of Nanostructured TiO; Films

Structurally the TiO; films are highly porous and are comprised of an interconnected
network of nanometer size particles. The photoaction spectra display a small but significant
sub-band gap response indicative of intraband gap states. The films are electrochromic and
turn a uniform black color at negative potentials more than -0.4 V (SSCE). The attenuance
increases as the potential is scanned in the negative direction and reaches a plaéau that is
dependent on the film thickness, showing that the coloration occurs throughout the film. In
thinner films, the apparent absorption edge shifts to higher energy with negative applied bias,
as has been described previously.

Figure 1 shows typical voltammograms for a TiO, film as a function of scan rate. At
positive potentials the anodic current is very small, less than 1 @A cm2 at 0.5 V (SSCE). On
scanning the potential more negative the cathodic current increases steadily and if the potential
s scanneci more negati\}e than -0.4 V an anodic peak is observed on t_he reverse scan. Thxs
peak is not observed in the voltammogram for the conductive glass substrate in the same
solution. The peak anodic current is proportional to the square root of the scan rate.

Figure 2 shows a plot of the reoxidation charge versus the attenuance of the film. The
attenuance data were recorded at the negative scan limit of the cyclic voltammograrﬁ and the
reoxidation charge was calculated by integration of the corresponding anodic peak. This plot
shows that the attenuance of the film is directly correlated to the charge involved in the process.

The appearance of a dark blue-black color on heated, irradiated, or electrochemically
reduced TiO, is extremely well documented over the last several decades {1-3]. The absorption
spectra are generally broad and display maxima in the visible or infra red region. The color
change has been generally attributed to Ti(III) states and there now exists a large body of
spectroscopic evidence to support this assignment. Perhaps the most detailed studies were
performed by Von Hippel and co-workers [2] who explored the optical properties of single
crystal rutile materials. At temperatures above 900 °C the absorption increased through the
visible and beyond 4 um and was assigned to free electrons in a 3d-conduction band.
Extensive reduction of the crystal resulted in a room temperature discoloration with an
absorption maximum at 1500 nm assigned to Ti(IIT) traps in various surroundings. Therefore,
the attenuance data reported here for porous nanocrystalline TiO, films support the presence of
Ti(III) states. The high attenuance seen at negative potentials indicates that there is a very high
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density of these states. Further evidence for the presence of Ti(II) states is the appearance of
an EPR absorption on electrochemically reduced films. The g factor of 1.903 is in good
agreement with results from other titania materials excited with band gap light where similar
spectra were obtained and assigned to Ti(III) trap states [4-6]. To our knowedge, these data
represent the first observation by EPR that electrochemical reduction of TiO, leads to the
formation of Ti(III) states. '
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Electrical Properties of TiO, Films
We have measured the photoconductivity of nanoparticle TiO, films deposited onto

lithographically patterned interdigitated electrode arrays. Figure 1 shows a current - voltage
curve for a 1 pum thick film of 200 nm particles prepared from a colloid aged at 200°C. The
interdigitated electrode array was fabricated with two sets of 15 pm wide gold fingers at 15 gm
spacings. These films are rectifying and current flow only occurs at breakdown voltages on
the order of 10 V cm-!. The transient response of these junctions is very slow, as shown in
Figure 2, and dependent on light intensity and temperature.

The diffusion coefficent for electrons in the film does not correspond to the transport of
free electrons in the conduction band of single crystal TiO,. Based on an electron mobility of
about 1 cm? V-1 51 for single crystal TiO, [1] the diffusion coefficient for free electrons
determined to be on the order of 10-2 cm? s-! at room temperature, much larger than the values
implied from the slow transients. From the experimental measurements, we estimate a value of
4 x 107 cmr! 5! for the product nyDg and using the Einstein relation to correlate the mobility
and diffusion coefficient, a dark conductivity (¢ = nejiy) for the TiO, films is calculated to be
in the order of 10-° W-1 cmrl. A dark conductivity of this order of magnitude has been
reported in the literature for the porous nanostructured TiO; films [2].

These results imply that the diffusion coefficient represents the thermally activated
transport of electrons through the particle network. In this case the diffusion coefficient of
electrons in the films is expected to be dependent on the illumination intensity and the particle
size in the TiO, film, results that vwe have confirmed experimentally. Similar effects have
been reported in amorphous and disordered semiconductors where charge trapping can give
rise to very slow phototransient processes {3,4]. These materials are characterized by a high
density of trap sites and, consequently, charge transport is often dominated by the properties of
the traps. In many cases the traps are distributed over a broad energy range so that the electron
mobility is dependent on trap occupancy (Fermi level) and hence on the electron density.
Another example involves polycrystalline CdS and CdSe films fabricated from sintered
powders. These films are characterized by high conductivity particles separated by
photosensitive, low-conductivity contact regions [S]. On illumination, the resistance of the

contact regions may be reduced resulting in an increase in the electron mobility and hence the

current density.
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