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ABSTRACT: Using dye-sensitized water-splitting photoelectro-
chemical cells is a promising way to satisfy an increasing demand
for energy without significant production of greenhouse gases.
These cells commonly utilize a large band gap nanoparticulate
semiconductor photoelectrode that is sensitized with a photoactive
dye. In this paper, we study SnO2 nanoparticles (NPs) that are
sensitized with either a ruthenium-based dye (RuP) or a
porphyrin-based dye (Por). These dyes have a significantly
different molar extinction coefficient, resulting in either a high
carrier density (Por) or a moderately low density (RuP) within the
SnO2 NPs. The influence of the dye on charge carrier dynamics
and photoconductivity in the NPs has been explored. We present
experimental results on samples of five different SnO2 film
thicknesses, sensitized with either RuP or Por. We find that the injection dynamics are very similar for both dyes, but the
trapping dynamics strongly depend on the dye. We conclude that this dependence is linked to dye-induced surface states,
electrostatic environment, and defects which increase carrier-trapping at the surface. Frequency-dependent measurements confirm
that the dye influences the carrier dynamics in the NPs. This can be seen by the significant change in the Drude−Smith parameter c,
which describes backscattering/localization effects at the surface. This parameter is approximately −0.9 for RuP and −0.8 for Por,
showing a dependence on the chemical environment and the dye cation after injection.

■ INTRODUCTION

Increasing concerns regarding climate change call for a
significant reduction in CO2 emission.1 Wind and solar
energies have the potential to satisfy the world’s energy
demands without greenhouse gas emission. However, a major
challenge lies in developing methods to store this energy in
sufficient amounts to meet energy needs in a nonintermittent
manner.
One way to store large amounts of energy is to directly

produce chemical fuels, such as hydrogen (H2), which has a
large energy density per unit mass,2,3 or methanol, which is a
liquid and easily transportable. Dye-sensitized nanoparticles
(NPs) employed in photoelectrochemical cells are a promising
avenue for direct conversion from photons to H2.

4−9

Wide band gap metal oxide semiconductor NPs act as a
conductive host material, whereas visible light is harvested via
photoexcitation of dye sensitizers, which subsequently inject
electrons into the conduction band of the metal oxide. In a
functional water-splitting dye-sensitized photoelectrochemical
cell, hole transfer from the oxidized dye to water oxidation
catalysts coadsorbed on the metal oxide occurs, consequently
regenerating the dye. After four oxidizing equivalents are
obtained, the water oxidation half-reaction occurs, releasing
oxygen, protons, and electrons. Protons are subsequently

reduced with the electrons at a dark cathode to form the
desired product, H2.
Optical pump terahertz probe (OPTP) experiments are an

excellent way to study the generation and loss of conduction
band electrons.10,11 The change in terahertz (THz) signal with
pump−probe delay (ΔTHz) reveals injection and trapping
dynamics in the metal oxide. This is a crucial parameter that is
sometimes correlated to the performance of solar devices.12,13

In general, the goal is to maximize injection rates while
minimizing trapping and recombination rates.
Additionally, frequency-dependent measurements provide a

detailed picture of material parameters. In combination with
conductivity models, such as Drude−Smith (DS),14 it is
possible to determine the carrier density, scattering time, and
degree of backscattering/localization. We would like to
emphasize that localization refers to a mobile electron that
has a reduced probability of traveling/tunneling to another NP,
and does not refer to trapping.
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The scattering time defines the carrier mobility, and, in
combination with the trapping lifetime, determines the
diffusion length of free carriers in the metal oxide. The
backscattering/localization parameter is a measure of the
deviation from ideal Drude-like behavior and suppression of
the dc conductivity. This parameter is sensitive to tunneling
and other surface processes, which strongly depend on surface
chemistry and charges.
In this paper, we investigate the influence of two common

dye sensitizers attached to the same SnO2 NPs. We fabricated
two sets of samples with thicknesses ranging from 3.0 to
12.7 μm, sensitized with either 5-4(methoxycarbonylphenyl)-
10,15,20-tris(2,4,6-trimethyphenyl)-porphyrin (referred to as
Por) or (4,4′-diphosphonato-2,2′-bipyridine)bis(2,2′-
bipyridine)ruthenium(II)bromide (which is referred to as
RuP). The dye structures are provided in the Supporting
Information. Por is a very strongly absorbing dye, whereas
RuP is only moderately absorbing (roughly 10 times less than
Por). This leads to a large difference in the penetration depth
of the pump beam into the SnO2 NP film (sometimes referred
to as the optical skin depth).
Specifically, the penetration depth for weak excitation at a

400 nm wavelength is approximately 1 μm for Por, and 15 μm
for RuP. This difference has a significant influence on carrier
concentration, which allows us to access different photodoping
regimes without adjusting the laser fluence.

■ EXPERIMENTAL SECTION

Sample Preparation. Mesoporous SnO2 films were
prepared using a standard doctor-blading procedure of a
metal oxide paste. The SnO2 paste was prepared as previously
described15 using commercially available SnO2 NPs (Sigma-
Aldrich) ranging in diameter from 22 to 43 nm. This paste was
doctor-bladed onto fused quartz slides as previously
described16 using Scotch tape as the spacer followed by
annealing for 10 min at 80 °C. Thicker films were prepared by
alternating additional doctor-blading steps and annealing. After
the desired film thickness was achieved, SnO2 films were
annealed at 370 °C for 10 min, followed by a second annealing
step at 470 °C for 30 min. Temperatures were ramped by 3 °C
per minute. The resulting films had thicknesses of 3.0 ± 0.5,
5.7 ± 0.6, 7.8 ± 1.3, 10.7 ± 0.3, and 12.7 ± 1 μm as
determined by mechanical profilometry for the one-, two-,
three-, four-, and five-layer samples, respectively.

Por/SnO2 samples were sensitized in the dark in a 0.18 mM
solution of Por in dicholoromethane for 9 h at room
temperature.18 RuP/SnO2 samples were sensitized in the
dark in a 0.1 mM solution of RuP in dry ethanol for 22 h at
room temperature.19,20 Figure 1 displays UV−vis spectra of
three representative film thicknesses, which allows the
absorption skin depths at 400 nm to be determined (less
than 1 μm for Por and approximately 15 μm for RuP).

Spectroscopic Measurements. The samples were meas-
ured in an OPTP spectrometer as previously described.17 This
spectrometer utilizes the output of a titanium:sapphire-
amplifier with a center wavelength of 800 nm, 1 kHz repetition
rate, 35 fs average pulse width, and 4 mJ pulse energy. The
output pulse was split into three beams for THz generation,
THz detection, and optical photoexcitation, respectively. THz
radiation was generated in a two-color air plasma21 and
subsequently detected using electro-optical sampling in
ZnTe.22,23 The optical photoexcitation beam was frequency
doubled in a β-barium borate crystal. The resulting output at
400 nm has a Gaussian spatial distribution, a pulse energy of
150 μJ, and a full width at half-maximum (fwhm) of 8.6 mm.
This diameter is significantly larger than the THz spot size,
which is collimated to approximately 1.5 mm in diameter. Thus,
the pump fluence in the THz probe region is 1.96 mJ/cm2.
Two different types of measurement are presented in this

paper. The first type detects the THz-peak amplitude change
for different pump delays (denoted by OPTP).10,24,25 These
measurements provide insight into charge injection and
trapping dynamics. The second type measures the complete
THz-transient at a given pump−probe delay time. These
measurements are Fourier transformed to yield the frequency-
dependent THz photoconductivity spectrum and are referred
to as time-resolved THz spectroscopy (TRTS).10,26,27

■ RESULTS AND DISCUSSION

Optical Pump Terahertz Probe.We measured the OPTP
traces of both RuP and Por sample sets. The THz change
versus pump delay time measured in the RuP samples is
plotted in Figure 2. As the sample thickness increases, the THz
signal increases as well. This can be understood when we
consider that the optical penetration depth of RuP is δ ≈
15 μm. All of the samples are thinner than this, and as a result
only a fraction of the optical excitation is absorbed by the
sample, as described by Beer’s law

Figure 1. UV−vis measurements of sensitized film samples collected in integrating sphere configuration. In the Por case (a), the absorption length
at 400 nm is about 1 μm, whereas for RuP (b), it is about 15 μm. Reprinted from17 with the permission of AIP Publishing.
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= = − δ−A I I/ 1 e d
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/
(1)

with d being the sample thickness, δ being the optical
penetration depth, A being the absorptance, not to be confused
with the absorbance, and Iabs/I0 the fraction of the total
incident power I0 absorbed.
For the thinnest layer, only 26% of the incident photons are

absorbed, whereas for the thickest sample, 64% are absorbed
(see Figure 1). As a result, the total number of excited dye
molecules increases with increasing layer thickness, and
therefore the total number of carriers injected into the samples
increases as well. A larger number of carriers in thicker films
results in reduced transmittance as observed in Figure 2.
The dynamics of injection and trapping are described by

Δ = [ − ] + [ − ]
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τ τ
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where A1 and A2 are the injection amplitudes and A3 is the
trapping amplitude. The injection and recombination/trapping
times are given by τ1, τ2, and τ3. The global fit considers all
OPTP traces for a given dye on the films of varying thickness,
and enforces that the injection times are identical. The sum of
injection (A1 + A2) must be equal to the sum of the
recombination/trapping (A3). Furthermore, the equation is
convoluted with the instrument response function (GR), which
describes a Gaussian instrument response with fwhm of
0.6 ps.28

The trapping lifetime depends on the total layer thickness, as
seen in Table 1. To understand this, we consider several
possible trapping mechanisms. First, the electron can interact
with another electron and undergo a trap-assisted Auger
process,29−31 which will be nonlinear with carrier concen-
tration. Second, the electron can be captured by traps. This
effect depends on the abundance of unoccupied trap states
relative to the carrier density. The trap state density is a
material parameter and in the case of NPs, it is primarily
dominated by the electrostatic environment, surface states, and
the chemical environment around these states.32 Recombina-
tion is also possible as a third mechanism. However, transient
absorption measurements on similar systems showed that

recombination typically occurs on a microsecond timescale,
which is significantly slower than the dynamics reported
here.33−36

In the thinner layers, the carrier density is larger. Therefore,
Auger and trap-assisted Auger recombination would result in a
shorter lifetime, but experimental results show the opposite
trend. Furthermore, the carrier density is rather moderate, as
shown later for the TRTS results, in Figure 5a. Therefore, we
conclude that Auger is not a dominant recombination process
in these samples.
The trap density for all of the layer thicknesses is identical,

given that the material is the same and all processing steps are
identical. As a result, the ratio between trap density and carrier
density will scale directly with carrier density. If the carrier
density is noticeably larger than the trap density, the traps will
saturate and the influence of this channel will decrease. The
charges will therefore live longer, which explains the larger
lifetime for the thinner samples, summarized in Table 1.
The OPTP traces of Por-sensitized samples are plotted in

Figure 3. The first notable result is that despite the short
optical penetration depth of approximately 1 μm, the sample
thickness has a non-negligible influence on the overall signal.
The absorption coefficient was determined with low power
continuous wave exposure (i.e., a UV−vis spectrometer). This
technique differs from the conditions of OPTP in which an
ultrashort high-flux laser pulse is used, which results in
saturation of the dye sensitizers. This increases the trans-
mission of the sample compared to the low power values.
Similar to RuP, the increase in layer thickness results in an

increase in the number of carriers, which results in a reduced
THz transmission, visible in Figure 3. In comparison to RuP-
sensitized films, in which the transmission changed by a factor
of 5, the change in Por is only 1.3 times. This shows that the
majority of photon absorption and charge injection takes place
in the first few micrometers of the sample, and hence simply
adding more material does not result in a significant increase in
conductivity.
As the majority of charges are generated in the first few

micrometers of the sample, the trapping lifetime dependence
on the layer thickness is less pronounced (Table 1). We notice

Figure 2. OPTP traces of RuP-sensitized SnO2. Although the total
signal increases for thicker samples, injection dynamics are
independent of the layer thickness. The solid lines show a fit of the
model to the data using eq 2. The global fit uses the same injection
time constant for all samples, independent of layer thickness.

Figure 3. OPTP traces of Por-sensitized SnO2. Although the total
signal increases for thicker samples, injection dynamics are
independent of the layer thickness. The solid lines show a global fit
of the model to the data using eq 2 and also globally fitting all of the
samples simultaneously wherein there are identical injection dynamics
independent of layer thickness.
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a small reduction of the carrier lifetime with increasing sample
thickness, which is linked to the aforementioned trap-state
depletion.
The thickest layers’ results are used to compare the two

different sensitizers, as these exhibit the best signal to noise
ratio and hence the smallest uncertainty. The trapping lifetime
in SnO2 sensitized with RuP is more than 16 times longer than
in the Por case. This is a potential indicator that different
sensitizers not only change the carrier injection, but also the
trap density in the material itself, in particular the surface states
and the dielectric environment of the NP. The influence that
the sensitizer has on the NPs can be understood in more detail
when evaluating the frequency-dependent photoconductivity
data.
Time-Resolved Terahertz Spectroscopy. A more

comprehensive description of photoconductivity in dye-
sensitized NPs can be gained by measuring their frequency-
dependent conductivity. TRTS scans were performed 900,
1300, and 1800 ps after photoexcitation. The trends for each of
these delay times are similar (see Supporting Information),
hence this discussion focuses solely on the 1300 ps results.
The TRTS data provide the frequency-dependent change in

THz transmission upon photoexcitation. The corresponding
conductivity change from these experiments is obtained using
the data-processing procedure as described in detail in previous
publications17,37 (and an overview is provided in the
Supporting Information), rather than the thin-film equation,38

which is not reliable for these samples.17

In short, the time-resolved photoconductivity is obtained by
comparing the transmission through a sample after photo-
excitation to that without photoexcitation. However, the
thickness of the photoexcited layer has a large influence on
the parameters extracted.17 One of the issues in analyzing the
data is that the two types of samples studied here have different
optical absorption lengths. For the weakly absorbing RuP dye,
essentially the entire thickness is photoexcited, whereas, for the
highly absorbing Por dye, the photoexcitation occurs at the
front surface, leaving behind a layer of non-photoexcited
material.
The photoconductivity for representative Por and RuP

samples are plotted in Figure 4. The photoconductivity
spectrum exhibits a positive real part in conductivity as well
as a negative imaginary part, a behavior well-known from
TRTS measurements of photoexcited nanogranular semi-
conductors beginning 17 years ago.26

To obtain information regarding carrier density and carrier
mobility, the DS model14,26,39,40 was chosen. It is a variation of
the classic Drude model of conductivity that has an additional
term. It was proposed by Smith in 2001.14 The first part of eq 3
is the standard Drude model, and the second part (in
parentheses with the additional c parameter) accounts for
localization/backscattering because of grain boundaries in NP
films. It has provided reliable results in many previous
experiments with similar materials.6,37,41,42 The complex-
valued conductivity is given by

σ
τ

ωτ ωτ
=

*
−

+
−

i
k
jjjjj

y
{
zzzzz

N m
i

ce /
1

1
1 i

2
s

s s (3)

The DS model provides information on the carrier density
N, the carrier scattering time (τs), and the DS parameter c,
which is related to carrier localization/backscattering. We
would like to emphasize that this parameter is not linked to the
lifetime; electrons that scatter with the interface do not
necessarily recombine or become trapped. An effective mass of
m* = 0.275me was used, where me is the electron mass.43,44

The scattering time, τs, extracted from the DS model is
plotted in Figure 5b. This value describes the mean time
between two elastic scattering processes for an electron. This
time ranges from 16 to 23 fs for RuP to 18 and 25 fs for Por.
The carrier scattering time for all samples is nearly identical

within experimental uncertainty. There are several mechanisms
that result in carrier scattering, including impurities, grain
boundaries, phonons, and electrons. The fact that the
scattering time is not correlated to the carrier density
demonstrates that electron−electron scattering plays only a
minor role at the pump fluences used in this work. This result
justifies neglecting the influence of Auger processes as
previously discussed for the OPTP results.
The different sensitizers do not have a significant influence

on the scattering rate. This indicates that the electrostatic
environment, which is influenced by the dyes bound to the
surface, does not play an important role in bulk-like scattering
processes described by τs.
The final parameter of the DS model is the c parameter.

Although there has been significant debate over the last 15
years regarding the precise physical meaning of this parameter,
recent work employing rigorous Monte Carlo simulations,39 as
well as the original derivation of this parameter,14 attribute it to
charge scattering occurring at grain boundaries, and the
dielectric environment. The experimental results for the c
parameter are plotted in Figure 5c. While there is a small
variation in the c parameter for the five Por samples and the

Table 1. Carrier-Trapping Lifetime (τ3) from Best Fit Described by eq 2a

sample/thickness 3.0 ± 0.5 μm 5.7 ± 0.6 μm 7.8 ± 1.3 μm 7.8 ± 1.3 μm 12.7 ± 1.1 μm
τ3 (RuP) in ns ≫100 ≫100 130 ± 14 133 ± 11
τ3 (Por) in ns 6.20 ± 0.04 6.20 ± 0.04 5.50 ± 0.02 5.41 ± 0.02 5.36 ± 0.02

aFor the RuP samples, a correlation between layer thickness and lifetime is evident, which is explained as trap-state depletion. For the Por samples,
the same trend is observed, but is less pronounced.

Figure 4. Photoconductivity for 12.6 μm thick samples at a delay time
of 1300 ps with either Por (blue) or RuP (red) sensitizer. The solid
lines show the best fit results using the DS eq 3.
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five RuP samples, the c parameter does not show a clear
dependence on layer thickness and carrier density.
Comparison of the two different sensitizers shows a small

difference between the c parameters, which are either c = −0.78
to −0.82 in Por or c = −0.88 to −0.92 in RuP. This difference
might seem counterintuitive at first, as the c parameter should
be a material parameter and identical SnO2 NPs were used as
the starting material in the sample preparation. However, this
parameter is not a mere geometrical parameter but is also
linked to the electrostatic potentials at the interface.45

Electrostatic charges will alter the potential barrier for grain-
to-grain tunneling.32,45,46

The tunneling barrier can depend on the chemical
surrounding of the NP necking regions, including charges
and polarization effects of the ionized dye.45 This depends on
the chemical composition of the dye and its linkers, which
determines the distance between the charged region of the dye
and the surface, and the dye deposition conditions (i.e., solvent
and temperature). Whereas the majority of research studies on
dye sensitizers are focused on increasing injection yield and
sample coverage, the influence the dye itself has on the
material is frequently ignored. This result demonstrates that
the influence of the dye on the electronic structure of the metal
oxide is not negligible and must be considered, in particular, as
the c parameter is crucial for the dc conductivity of the film.

■ CONCLUSIONS
Dye-sensitized NPs have received significant attention in
recent years. However, the few studies that compare different
dyes focus solely on the dynamics of injection and
recombination. In this paper, two commonly used dyes are
compared with a particular focus on the influence that these
dyes have on the material parameters of the host material. The
dyes used were Por, with a penetration length of δ ≈ 1 μm,
and RuP, with δ ≈ 15 μm.
We have presented OPTP traces of SnO2 NPs sensitized

with two different dyes with thicknesses ranging from 3.0 to
12.7 μm. We find that for moderately absorbing dyes such as
RuP, which leads to a large penetration depth, the thicker films
resulted in an increase in THz signal because of an increase in
total absorption. The same trend, albeit less pronounced, is
found for the Por dye. Based on the OPTP results, we
conclude that the dominant trapping mechanism is linked to
trap states and trap state depletion, not Auger processes.

In addition to OPTP measurements, frequency-dependent
TRTS measurements were performed. We employed the DS
model to extract the carrier density (N), scattering time (τs),
and the backscattering/localization parameter (c). We find that
the bulk scattering time is largely independent of the dye, but
the c parameter depends on it. This dependence is explained
by the influence that the dye has on the electrostatics near the
surface in SnO2. As the c parameter is very important for dc
performance, it is crucial to consider it when comparing
different dyes and not simply assume that it depends only on
the host material (SnO2).
For the design of effective photoelectrochemical cells, it is

important to not only match the energy levels and density of
states for charge injection, but also to consider the influence of
the dye on trap and surface states. The chemical linkers and
the polarizability of the dye influence local permittivity, which
in turn changes the particle to particle conductivity.
Furthermore, surface passivation layers provide a promising
approach to achieve efficient light-harvesting and long-living
mobile carriers. Choosing the best materials for photo-
elctrochemistry therefore involves considering all these effects.

■ ASSOCIATED CONTENT

*sı Supporting Information
The Supporting Information is available free of charge at
https://pubs.acs.org/doi/10.1021/acs.jpcc.9b11024.

Chemical structures of RuP and Por; potential
estimated at neutral pH relative to NHE; conductivity
traces and conductivity parameters for different time
delays; the 649 nm absorbance of Por dissolved at
varying concentrations in toluene; normalized OPTP
traces for RuP-sensitized and Por-sensitized SnO2; fit
parameters that describe the dynamics of trapping and
injection; dye loadings of each sample; the calculated
rations between photons and molecules; and carrier
density, scattering time, and c parameter of each sample
at three time delays after injection (PDF)

■ AUTHOR INFORMATION

Corresponding Authors
Jens Neu − Department of Chemistry and Microbial Science
Institute (MSI), Yale University, New Haven 06520-8107,

Figure 5. Carrier density N, scattering time τs, and c-parameter from best-fit results using the DS eq 3. (a) Carrier density strongly depends on the
penetration depth and sample thickness, resulting in a significantly higher density for Por compared to RuP. (b) Scattering time is within the
uncertainty independent of layer thickness and sensitizer, confirming that this parameter describes the bulk properties of SnO2. (c) The c parameter
describes the backscattering/localization and depends on the dielectric environment of the NPs.45 This illustrates the influence of the two
sensitizers on the NPs.
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(4) Graẗzel, M. Dye-sensitized solar cells. J. Photochem. Photobiol., C
2003, 4, 145−153.
(5) Mathew, S.; Yella, A.; Gao, P.; Humphry-Baker, R.; Curchod, B.
F. E.; Ashari-Astani, N.; Tavernelli, I.; Rothlisberger, U.; Nazeeruddin,
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