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ABSTRACT: The transient photoconductive properties of
tin(IV) oxide (SnO,) mesoporous films have been studied by
time-resolved terahertz (THz) spectroscopy. We gain insight
into carrier dynamics by measuring overall injection and
trapping lifetimes using optical pump—THz probe spectros-
copy, as well as the frequency-dependent complex conductivity
at various pump—probe delay times. It is found that the
method of charge generation, either direct above band gap
excitation (at 267 nm) or dye-sensitized electron injection (at
400 nm), has a dramatic effect on the overall injection and
trapping dynamics of mobile charge carriers on the picosecond
to nanosecond time scale. In the presence of aqueous

0.1 MHCIO, (pH=1)

electrolyte, direct band gap excitation of nonsensitized SnO, films results in instrument response limited subpicosecond
injection lifetimes, while dye-sensitized films require tens of picoseconds for interfacial electron transfer to complete. On the
other hand, the rate for trapping of mobile charges is at least 2 orders of magnitude faster in the nonsensitized films compared to
the dye-sensitized films, which is likely due to photoinduced charges being more highly concentrated in the nonsensitized films.
Finally, we find that the transient photoconductivity deviates from the behavior described by standard conductivity models such
as the Drude and Drude—Smith models. This is due to the contribution from a photoinduced change in the permittivity of the

SnO, films.

B INTRODUCTION

The largest energy source accessible to humanity is the sun;
however, harvesting and storing solar energy presents major
challenges. One system that potentially addresses this issue is
the photoelectrochemical cell (PEC), which in its most
common form is a photoelectrolytic cell that utilizes solar
energy to split water, generating O, at the anode and H, at the
cathode." Realizing an efficient semiconductor photoanode
presents a significant challenge because carrier generation and
transport must be coupled to the difficult four-electron, six-
atom catalysis of water oxidation. Generation of photoinduced
mobile electrons occurs both by direct, above band gap
excitation of the semiconductor and via surface-bound dyes that
absorb visible light and inject an excited-state electron into the
conduction band of the semiconductor. The photoinduced
mobile electrons must then be transported through the bulk of
the semiconductor material before being shuttled to the
cathode to facilitate a reductive reaction. Finally, the electron
holes required for water oxidation catalysis can either be
transported within the bulk of the material (direct band gap
excitation) or hop laterally across the surface via intermolecular
hole transfer (dye-sensitized injection).”’

Understanding charge generation due to photoexcitation in a
PEC is a crucial step toward harnessing solar energy in the
production of fuels (e.g, H, CH, NH,, etc.)." A major
obstacle for PECs is the lifetime of the photoinduced charge
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carriers since catalytic reactions occur on a time scale orders of
magnitude slower than charge trapping and recombination.” It
is essential that these transient photoinduced charges are able
to move throughout the metal oxide material and survive long
enough to initiate the photochemical reaction. The photo-
electrochemical behavior and transient spectroscopic properties
of photocatalytic metal oxides (e.g, tungsten oxide (WO;),°
titanium dioxide (TiO,),” and hematite (Fe,0;)°) are well
explored in the visible and near-IR absorption regions.
Unfortunately, the quantum yields in these materials are low
due to their relatively short electron and hole diffusion lengths.
Also, the absorption energies are difficult to modify and
typically lie in the blue to ultraviolet part of the spectrum.

The absorption onset and fast carrier dynamics can be
improved by functionalization with a molecular chromo-
phore.”"® Dye-sensitized solar cells' utilize a dye-sensitized
wide band gap metal oxide and regenerative redox couple to
generate photovoltaic power. Water-splitting dye-sensitized
photoelectrochemical cells (WS-DSPECs) typically substitute a
water oxidation catalyst for the regenerative redox couple to
drive photoassisted water splitting.'' The common choice of
metal oxide for these systems is either SnO, or TiO,.

Received: March 10, 2017
Revised:  June 14, 2017
Published: June 21, 2017

DOI: 10.1021/acs.jpcc.7b02318
J. Phys. Chem. C 2017, 121, 15949—-15956


pubs.acs.org/JPCC
http://dx.doi.org/10.1021/acs.jpcc.7b02318

The Journal of Physical Chemistry C

7,12—14 9,10,15,16
d d

While both nonsensitize and dye-sensitize
metal oxides have been studied extensively, there has been only
one previous study that characterizes the terahertz (THz)
frequency-dependent transient photoconductivity in the
presence of an aqueous electrolyte.'” It should also be noted
that there have been studies of the influence of nonpolar
solvents on dynamics measured with optical pump—THz 8probe
(OPTP) spectroscopy for their application in DSSCs.'”'® TH
spectroscopy is a noncontact, subpicosecond electrical probe,
and measurements are typically made under open-circuit
conditions. The lifetime of mobile charge carriers due to
photoexcitation can be readily measured using OPTP spec-
troscopy, which monitors the peak of the THz waveform as a
function of pump—probe delay. Our interest lies in under-
standing the manner in which the mechanism of charge
generation affects the ultrafast carrier dynamics in the presence
of aqueous electrolyte which more closely mimics a fully
functioning photoanode.

In this study, we examine mesoporous tin(IV) oxide (SnO,)
nanoparticulate (d ~ 22—43 nm) films as the metal oxide
photoanode material for PECs. SnO, is an attractive photo-
anode material for dye-sensitized applications due to its high
electron mobility and favorable energy position of the
conduction band minimum (CBM) which allows for a wide
array of photosensitizers for electron injection.” The band gap
energy of SnO, is 3.7 eV'” which corresponds to a wavelength
of 335 nm (in the UV tail of the AML.S solar spectrum), and
only 1% of the solar irradiance is above the SnO, band gap.
Thus, the majority of research has been focused on dye-
sensitized systems since they absorb visible light.

We compare lifetimes of carriers in the CB generated via
direct above band gap excitation vs carriers generated by dye-
sensitized injection. Using OPTP spectroscopy, we find that the
method of photoinduced charge generation has a dramatic
effect on the overall injection and trapping dynamics of charge
carriers on the picosecond to nanosecond time scale (~0.3 to
~1850 ps). To further understand the OPTP dynamics, THz
transient photoconductivity measurements were made at five
optical pump delays, t,,,,,- For these, the entire THz waveform
is measured at a particular pump delay and then analyzed to
obtain the frequency-dependent complex-valued conductivity.
Interestingly, the measured conductivity does not follow the
Drude—Smith (DS) model as expected.”” Therefore, we have
extended the Drude—Smith model to include a change in the
polarizability upon photoexcitation of the sample, Ady,
which leads to a change in the real permittivity (Aephm), which
in turn leads to a change in the imaginary conductivity.

B EXPERIMENTAL METHODS

Preparation of Nonsensitized and Dye-Sensitized
SnO, Films. A transparent paste of 22—43 nm diameter
SnO, nanoparticles was prepared using the method of Ito et
al.*' A more detailed description of sample preparation can be
found in our previous work."®> Briefly, the SnO, was doctor
bladed onto fused quartz substrates using Scotch Magic Tape as
a spacer. The films were dried at 80 °C and then sintered at 470
°C, leading to a thickness of about ~4 um. The photosensitizer,
bis(2,2'-bipyridine)(4,4’-diphosphonato-2,2’-bipyridine)-
ruthenium(II) bromide, referred to as Ru(Il)phos, was
prepared by a well-established method.”” The films were
sensitized by immersing the SnO,/quartz films in 0.1 mM
Ru(Il)phos in anhydrous ethanol overnight. To provide
relevance to photoelectrochemical processes, the mesoporous

SnO, films were studied in the presence of aqueous electrolyte
(0.1 M HCIO,, pH = 1). This was achieved by using a second
quartz slide and ~60 pm Surlyn spacer (Solaronix) and heating
at 250 °C for 45 s to seal them together. The electrolyte was
added by vacuum backfilling through a fill hole in the top
quartz slide."> The fill hole was sealed with a piece of Surlyn
and microscope slide coverslip to prevent evaporation and
leakage of the solvent.

Time-Resolved THz Spectroscopy. Optical pump—THz
probe spectroscopy (OPTP) can explore femto- to nanosecond
semiconductor carrier dynamics upon photoexcitation.12’23_27
In this study, an amplified Ti:sapphire laser (Spectra-Physics
Spitfire Ace) with a 4 W output of 3$ fs pulsed light at a center
wavelength of 800 nm and a 1 kHz repetition rate was used. A
detailed description of the spectrometer is available else-
where."? Briefly, the output is split into three beams: optical
pump excitation, THz probe generation, and THz pulse
detection. The THz probe pulse is generated by plasma
generation via wave mixing of the fundamental wave and
second harmonic in air.”® The detection beam measures the
THz probe by free space electro-optical sampling in a zinc
telluride (ZnTe (110)) crystal.”” In this study, optical excitation
of the sample was performed with either the second (400 nm)
or the third (267 nm) harmonic of the 800 nm laser output for
dye-sensitized and nonsensitized samples, respectively. Gen-
eration of second harmonic light was accomplished using a 500
um thick Type 1 p-barium borate crystal (BBO, Eskima
Optics). The third harmonic was generated with a Type 1
second harmonic generation (SHG) BBO, a calcite compensa-
tion plate (45 pm thick), a 4/2 wave plate (for 800 nm), and a
Type 1 third harmonic generation (THG) BBO crystal
(Newlight Photonics) which are optimized for a 35 fs pulse
width.

In the OPTP configuration only the peak amplitude of the
THz pulse is measured as a function of t,,,,,. Time-dependent
changes in the mobile electron population due to trapping or
recombination were monitored by using a mechanical delay
stage to vary the time between the excitation pulse and THz
monitoring pulse. The trapping/recombination dynamics were
monitored over an ~2 ns time window. The amplitude
difference between the photoexcited and nonphotoexcited
sample is defined as ATHz. While these measurements do not
present frequency-dependent conductivity information, they
provide a spectrally averaged transmission measurement as a
function of the pump—probe delay time and therefore can be
used to study carrier trapping and recombination dynamics.

The frequency-dependent THz complex photoconductivity
was determined by collecting the full transient electric field of
the THz pulse at a given time delay after excitation (fy,m,) and
referenced to the THz pulse of the nonphotoexcited material.
The measured THz transients at a particular t,,,, are then
Fourier transformed, in order to calculate the frequency-
dependent conductivity spectrum using the thin-film approx-
imation. In this approximation, any change in transmission
between the photoexcited and the nonphotoexcited measure-
ment is attributed to a thin conducting layer of SnO,.””*° The
full THz pulses were each collected over 30 min by averaging
20 individual scans. Full spectral information was collected at
five representative pump—probe delays per sample.

B RESULTS AND DISCUSSION

Pump Fluence Dependence on Direct Band Gap
Excitation of SnO,. THz radiation is attenuated by mobile
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electrons injected from a sensitizer and by both electrons and
holes generated by direct above band gap excitation. The
transmission of THz radiation is attenuated in proportion to
the conductivity of the sample, which in turn is proportional to
the product of carrier density, N, and mobility, u

—ATHz < N, 4 + N, g1, (1)

Both electrons (e) and holes (k) may contribute. Since the hole
effective mass in SnQ, is roughly five times greater than that for
electrons,” the contribution of the holes can be neglected.
Additionally, SnO, has a small electron effective mass
(m* = 0275 m,).”> Since u is inversely proportional to m¥*,
the electron mobility is significantly higher in SnO, com%pared
to other metal oxides such as TiO, (m* = 10 m,)* and
WO, (m* = 2.4 m,),” and therefore the transmission change
upon photoexcitation (ATHz) is larger in SnO,.

There has been one previous THz spectroscopic study by
Zervos et al. of nonsensitized SnO, nanorods in air excited at
267 nm.” Our study differs from their work due to the fact that
all of our measurements are made in 60 um of aqueous
electrolyte, and the SnO, nanoparticles themselves are orders of
magnitude smaller. While the band gap of SnO, (3.7 eV)" is
too large to harvest a meaningful portion of the solar spectrum,
directly excited SnO, offers a useful point of comparison for
dye-sensitized SnO, and can help to establish the underlying
material properties relevant to carrier dynamics.

Our previous studies of ultrafast trapping dynamics in
mesoporous tungsten(VI) oxide (WO,;) films in an aqueous
electrolyte revealed that the photoinduced charge carrier
trapping dynamics through above band gap excitation was
well described by a stretched exponential function with a long-
time offset, y,, convoluted with a Gaussian response function
(Gg) of a particular full-width at half-maximum (fwhm)."” This
model will be used in the present work.

toums )
—ATHz = | A exp (— P p) +3,(® Gy (fwhm)
: 2)

A corresponds to the amplitude of the stretched exponential
dynamics; 7 is the lifetime of the stretched exponential
function; and f is the stretching parameter. The B value was
fixed at 0.4 for each trace during the nonlinear least-squares
fitting procedure. The average lifetime of carriers, (7), is given
by the integrated area underneath the stretched exponential
curve

T 1
S
@ p (ﬂ] 3)

where I'() is the Gamma function.’® The nonsensitized SnO,
films were sealed with an aqueous electrolyte of 0.1 M HCIO,
(pH = 1), and 267 nm light was used to promote mobile charge
carriers into the conduction band. Each of the traces in Figure 1
were taken over an ~2 ns time window and were fit with eq 2.
The photoexcitation beam is significantly broadened in the time
domain due to the unavoidable dispersion in a THG setup.
This temporal broadening is accounted for by using an
instrument response function fwhm of 1 ps compared to 0.5
ps for excitation at 400 nm."

OPTP traces were taken at pump fluences of F = 60, 90, 120,
and 155 uJ/cm’. We observed a pump fluence dependence for
both the carrier concentration, A and y,, and carrier dynamics,
(). An increase in F resulted in a linear increase in the
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Figure 1. OPTP spectroscopy of mesoporous nonsensitized SnO,
films immersed in 0.1 M HCIO, at pH = 1. The traces were taken at
pump fluences of F = 60, 90, 120, and 155 y#J/cm?* and a wavelength of
267 nm. The red lines represent the best fit of eq 2. The inset depicts
the average trapping lifetime, (7), as a function of pump fluence
determined by eq 3.

stretched exponential amplitude, A, and the y, offset yet a near-
linear decrease in the average lifetime of carriers, (7),
determined by eq 3, and is shown in the inset of Figure 1.

The decrease in (7) as a function of F is understood as a
consequence of Auger-like recombination processes in
$n0,.”"** In colloidal semiconductor films, the particle size is
sufficiently small that the electron—hole pair samples the entire
volume of the particle. SnO, has an absorption coefficient™ of
1 X 10° cm™ at 267 nm (optical skin depth of 100 nm). Over
the range of pump fluences used in this study, there are
hundreds of photogenerated electron—hole pairs per nano-
particle. Therefore, an Auger-type recombination where one
electron—hole pair undergoes recombination and transfers the
energy to another electron or hole becomes possible. As pump
fluence increases, the probability of generating multiple
electron—hole pairs on a single particle increases, thus the
observed dependence of (z) on fluence. Othonos et al.*’
characterized ultrafast carrier relaxation in SnO, nanowires and
found that at pump fluences greater than SO uJ/cm’ Auger
recombination was important. Ford et al.*' previously analyzed
stretched exponential recombination kinetics in dye-sensitized
SnO, and found them to be consistent with an Auger-type
recombination process. We also note that in addition to Auger
recombination trapping and non-Auger recombination are
occurring at the same time in a heterogeneous environment,
and this complicates the kinetic analysis. We find that all of
these recombination mechanisms occurring simultaneously are
best described with a stretched-exponential model.

Pump Fluence Dependence of Dye-Sensitized SnO,.
An alternative strategy to introduce mobile electrons into the
conduction band of SnO, is by sensitizing the SnO, film with a
visible-light absorbing dye.”*>* In this study, we chose to use a
well-studied ruthenium chromophore, Ru(Il)phos, which is a
derivative of ruthenium(Il) trisbipyridine and is anchored to
the SnO, by phosphate anchoring groups.">**~*" The dye is
excited with 400 nm light, and because the excited state energy
of the dye is well above that of the SnO, CBM," electrons
undergo interfacial electron transfer from the dye. This results
in generation of mobile electrons within the metal oxide. Most
experimental techniques do not measure these mobile electrons
directly.

The majority of ultrafast techniques monitors transient
changes in absorption from either the dye radical cation (UV—
vis region) ,** intraband transitions (mid-IR region), or trapped
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L\ 47—49 e
electrons (near-IR reglon). THz transmission measure-

ments, on the other hand, are sensitive to the transient
conductivity of the sample, which is directly linked to the
density of free carriers. It is a noncontact electrical probe with
subpicosecond time resolution and is an excellent method to
investigate transient photoconductivity. SnO, is an ideal model
system due to its band gap energy of 3.7 eV. That is, its band
gap is large enough so that we can completely decouple direct
band gap excitation from dye-sensitized injection. When
exciting nonsensitized SnO, films sealed with electrolyte at
400 nm no mobile carriers were generated in the conduction
band.”"

The injection dynamics of Ru(Il)phos bound to SnO, was
previously studied at a single pump fluence.'>*” Here we have
examined the OPTP response at four different pump fluences
(130, 250, 380, and 510 uJ/cm?) to determine the manner in
which injection dynamics are influenced (Figure 2). Our

6
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Figure 2. OPTP spectroscopy of mesoporous SnO, films sensitized

previous studies demonstrated that injection dynamics are well-
described as a summation of exponential functions, describing
both the injection and recombination dynamics*’

( t
4)

where n = 4 is the number of exponential processes. The
amplitude, A, for a particular process is positive if charges are
being injected (A;) and negative if they are being trapped
(—=A)). 7; is the lifetime for a particular exponential process, i. In
agreement with our previous work, the electron injection
dynamics were modeled using triexponential injection dynam-
ics and previously reported 7 values (7, = 1.7 ps, 7, = 9.4 ps,
and 7; = 37.4 ps)."> As seen in the best fits shown in Figure 2,
the dynamics are in excellent agreement with previous studies.

Varying the pump fluence demonstrates that there is no
influence on the overall electron injection dynamics of
Ru(Il)phos on SnO, with an increased concentration of
injected carriers. Injection is a fundamentally second-order
process dependent on the concentration of excited sensitizers,
[Ru***], and conduction band acceptor states, [ncp). The rate
of injection is then given by

n
—ATHz = | )" A, exp [ - F

i=1

)— 1| ® Gy(fwhm)

i

d[Ru2+*] 2+
dt = _kinjection[Ru *] I:nCB]
pump (%)
where Ko iS the second-order rate constant for injection. In

the case of injection, the density of conduction band acceptor

states is significantly larger than the density of excited
.. 50 . . .

sensitizers” so the rate equation simplifies to

with Ru(II)phos dye that are immersed in 0.1 M HCIO, at pH = 1. 24
: ¢ d[Ru""*] 24
The traces were taken with a 400 nm pump wavelength and fluences of 0 - = _kmj[Ru *]
130, 250, 380, and 510 yJ/cm?® The red lines represent the best fits dfpump (6)
using eq 4.
where ki, is defined as
kinj = kinjection[nCB] (7)
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Figure 3. Frequency-dependent complex-valued transient sheet photoconductivity measurements were taken at five different ¢, values, which also
correspond to five different areal carrier densities. The measured frequency-dependent conductivity was fit with the EDS model (eq 13).

15952

DOI: 10.1021/acs.jpcc.7b02318
J. Phys. Chem. C 2017, 121, 15949—-15956


http://dx.doi.org/10.1021/acs.jpcc.7b02318

The Journal of Physical Chemistry C

As a pseudo-first-order process, an increase in the pump fluence
will not change the kinetics of injection at a given pH, which is
consistent with our results. We previously varied the pH of the
electrolyte and demonstrated that the electron injection
efficiency and injection rates increase at lower pH values due
to a larger driving force for injection."

At longer time scales, we observe recovery of the THz that
corresponds to a loss of mobile carriers via a trapping or
recombination mechanism. We have previously observed this
behavior and suggest that it is related to surface states on the
SnO, particles.”” The trapping lifetime, 7, of 17 ns was
determined by globally fitting a single exponential function
simultaneously across all pump fluences. Like injection,
trapping is a second-order process dependent on the density
of injected electrons in the conduction band and trap states.
Because the density of trap states is significantly higher than the
density of injected electrons, trapping is also a pseudo-first-
order process, and so we would not expect to see a difference in
trapping time as a function of fluence.

Describing the Frequency-Dependent Photoconduc-
tivity of SnO, Films. OPTP traces are quite useful for
understanding the time scales of injection and trapping/
recombination in SnO,, yet a fuller understanding of electron
dynamics is obtained by probing the frequency-dependent
transient photoconductivity at a particular delay time after
photoexcitation, #,,,,- Measuring the electric field of the full
THz pulse at these delay times allows us to extract the
frequency-dependent complex-valued conductivity of the films
without any prior assumptions of a conductivity model.

At each t,,, the transmitted THz pulse is measured both
with and without photoexcitation. The thin-film approximation
is used to extract the frequency-dependent photoconductivity.'®
The transient photoconductivity was measured at five f,un,
delays after photoexcitation (0, 30, 60, 150, and 1350 ps; see
Figure 3). To allow for a straightforward comparison of the two
different samples, pump fluences that resulted in approximately
the same maximum value ATHz were chosen. A pump fluence
of 120 uJ/cm® with 267 nm wavelength was used for the
nonsensitized SnO, films, and for the dye-sensitized films the
pump fluence was 140 yJ/cm? using a wavelength of 400 nm.
The sensitized SnO, films differ from the nonsensitized film
since the optical penetration depth is roughly 6 ym at 400 nm.

The measurement of the transient complex photoconductiv-
ity allows the mobility and carrier density within the CB to be
investigated. For bulk crystalline semiconductors, such as
silicon (Si) and gallium arsenide (GaAs), photoexcited
electrons in the conduction band are well described by the
Drude model of conductivity, which treats free electrons as a
gas diffusing through the material while undergoing colli-

sions.”****! The conductivity, denoted 6, (®), is given by52
Ne’z_,/m*
N ( ) _ scatt
op(w) = ———
L (O (8)

where N is the carrier density; e is the elementary charge of an
electron; m* is the effective mass of mobile electrons within the
CB of the semiconductor; and @ is the angular frequency of the
THz probe (27 vqy,). The electron mobility at a given pump

delay time, p,(tyump), is related to 7y, and m* via:*?
(t ) _ eTscatt(tpump)
¥ pme = T ©)

Mobility is a measure of how easily charges travel through a
material and has a direct influence on THz transmission, as
noted in eq 1. The Drude model was developed to describe
bulk crystalline materials. Therefore, scattering at surfaces and
grain boundaries must be considered when using this model for
polycrystalline or mesoporous samples. N. V. Smith found that
the Drude model could be improved for disordered materials
by including an additional fit parameter, c;, which empirically
includes the effects of surface and grain boundaries.”” The
resulting Drude—Smith (DS) model is described as”"%¢

Ne’z,_../m* c
6])5(&)) — scatt (1 + ; 1 )

1= 10Ty cop — WWToy

(10)

The influence of mobile carriers is the basis of both the Drude
model and the DS model. While the DS modification has
described the vast majority of experiments on disordered
nanostructured materials,'>'***** it does not satisfactorily
agree with our data presented below (see Supporting
Information Figure S3). The reason is that contributions
from photoexcited localized carriers and/or induced dipoles
change the permittivity, which leads to changes in the reported
“conductivity”.

Fundamentally, it is impossible to separate the influences of
permittivity or conductivity based on the transmission
properties of any material by spectroscopic measurements
alone. When an electromagnetic wave is transmitted through a
material, it is only possible to measure a change in amplitude
and a change in phase, which is determined by the generalized
permittivity 7j(®). It is well-known that

i6(w)

i) =&w) + —
we, (11)

where &(w) is the permittivity in the absence of mobile charge
carriers, and 6(w) is the conductivity (which is zero for the
nonphotoexcited sample). The permittivity, conductivity, and
generalized permittivity are all complex-valued. Therefore, it is
seen that while two quantities are measured experimentally to
yield the generalized permittivity, there are four quantities
embedded in the permittivity and conductivity.

In the case of mesoporous SnO, films, we find that the DS
model alone is not able to accurately describe the complex
transient photoconductivity, and therefore we propose a refined
model. If there is a change in the real permittivity upon
photoexcitation, A€, as a result of charge separation, then it
will manifest itself as an apparent change in the imaginary
conductivity

() = —iweoA&(®)ghor (12)
where € is the permittivity of free space and Aé(a))th is the
change in complex permittivity upon photoexcitation. This
relation is particularly important because any change in
transmission of THz radiation is attributed to a change in the
complex transient photoconductivity, 6(w). Thus, any change
in the permittivity will also be reflected in the transient
“conductivity”.

SnO, was chosen as a model system to compare how charge
generation affects the photoinduced conductivity due to its high
mobility of electrons within the CB.*” Equation 1 indicates the
attenuation of THz radiation is directly proportional to carrier
density and mobility. Therefore, a large ATHz can be achieved
for a smaller charge carrier density since conductivities in SnO,
on the order of 20 S/cm are significantly higher than previously
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Figure 4. (a) Complex transient photoconductivity best-fit parameters are displayed. The total number of carriers, N, shown as blue and black
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are listed for both the nonsensitized and dye-sensitized films. (b) A¢

photo"d 18 plotted as a function of the

reported values for comparable mesoporous metal oxide films,
such as TiO,, WO;, and Zn0.">3?° As a result of a higher
signal-to-noise ratio, we identified a contribution to the
imaginary conductivity that is not apparent in the lower
mobility metal oxides, and this led to the development of the
extended EDS model (EDS).

The EDS model accurately describes the frequency-depend-
ent conductivity of the measured samples

2
Ne Tmtt/m*(l 4 q ) ~iwe (AaphotUN]
. 0
1- 10T o4t €0

1 - la)Tscatt

&EDS(C‘)) =

A€ppoto

(13)

where the only modification is the second term on the right
that includes a parameter, A, which is independent of
frequency and carrier density and corresponds to the change
polarizability of the sample upon photoexcitation.

The transient complex photoconductivity data are globally
fit, so that the only parameter that is varied at each of the
pump—probe delay times, £, is the carrier density, N. The
other parameters (7, ¢;, and Aaphom) are material properties
that are constant for all pump delays in the fit. Therefore, this
model has fewer fit parameters than the DS model but
describes the presented data significantly better. Since the skin
depth of the nonsensitized and sensitized SnO, films is
different, we represent the areal density of carriers in the
system, N/m? instead of presenting the carrier density. For the
same reason, we present the sheet conductivity (in S) instead of
the bulk conductivity in S/cm. Fits of the DS and EDS models
are compared in Figure S3 in the Supporting Information. The
frequency-dependent transient sheet photoconductivity at each
toump is shown in Figure 3 where the red line is the calculated
conductivity based on the best-fit parameters of the EDS
model.

The EDS model accurately captures the complex photo-
conductivity data from 0.3 to 2.0 THz. The transient
conductivity for the dye-sensitized film at t,,,, = 0 ps was
not modeled due to the fact that charges are still being injected
at that time point. However, the conductivity data are still
presented in Figure 3. Figure 4 presents the best-fit parameters
from the global fit of the transient conductivity data with eq 13.
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A table of the values is found in Table S3 in the Supporting
Information.

In addition, the OPTP traces for the nonsensitized and dye-
sensitized SnO, films taken with the maximum fluence shown
in Figures 1 and 2 were scaled and overlaid on the best-fit
carrier density values. The 7, ¢}, and A, parameters are
held constant for all of the delay times during each iteration of
the nonlinear least-squares fitting routine and are reported in
Figure 4a and Table S3. If A€y d (where d is thickness) is
plotted as a function of the total number of carriers, as seen in
Figure 4b, the slope (Aaphoto/ €y) of this relation yields the
change in polarizability of the sample upon photoexcitation,
Aaphoto'

This extension to the DS model is based on photogenerated
bound charges, which behave as Lorentz oscillators, and has
been reported in previous studies.'“**~*° In a previous study of
TiO, nanotubes, a clear signature of a resonant Lorentz
oscillator was observed within the bandwidth of the
conductivity measurements.'* In the present case, the resonant
frequency of the Lorentz oscillator is beyond the bandwidth of
these experiments. Therefore, only the low frequency tail of the
Lorentz resonance influences our results. The real contribution
to this tail is approximately constant, and the imaginary
contribution is essentially zero (see Figure S4); this is the origin
of the additional constant in the EDS model (eq 13). Similar
effects have been reported by Dani and co-workers in hexagonal
boron nitride (h-BN).>*

Bl CONCLUSIONS

In conclusion, we have utilized OPTP spectroscopy to uncover
markedly different carrier dynamics in nonsensitized and dye-
sensitized SnO, films. Both samples were sealed with an
aqueous electrolyte solution to mimic the conditions of a
working PEC. It was found that the nonsensitized SnO, films
exhibited instrument response limited injection dynamics and 2
orders of magnitude faster trapping dynamics compared to the
dye-sensitized films. In the nonsensitized films, an increase in
the carrier density by increasing the pump fluence caused a
decrease in the overall lifetime of mobile carriers, which is
consistent with Auger recombination.””***' The dye-sensitized
films required tens of picoseconds for interfacial electron
transfer to complete. It was found that the pump fluence had
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no influence on the overall injection and trapping dynamics
since the density of mobile electrons is far smaller than that of
conduction band acceptor states (injection) and the density of
trap states (trapping).

In addition, we compared the frequency-dependent complex-
valued THz transient photoconductivity of a metal oxide film
submersed in aqueous electrolyte solution in which mobile
charge carriers are photogenerated by two different methods:
direct above-band gap excitation vs interfacial electron transfer
from a photoexcited dye sensitizer. Analysis of the complex-
valued transient photoconductivity spectra of both the
nonsensitized and dye-sensitized films required that the DS
model be extended with a term that is due to photogenerated
bound charges. We find that the EDS model describes the
frequency-dependent photoconductivity significantly better
than the DS model for mesoporous nanoparticulate materials.
These new results will lead to a wide variety of future
experiments that will compare the influence of solvent, pH,
pump fluence, and material-dependent quantities in semi-
conductor nanomaterials.
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1) Best-fit parameters of Equation 2 to non-sensitized SnO, films sealed in aqueous electrolyte.

Table S1: Best-fit parameters of equation 2 from non-sensitized SnO, films photoexcited with 267 nm light. The pump
fluence was varied from 60, 90, 120, and 155 u]/cmz.

F(pl/em’) fwhm (ps) 4 (%) B T (ps) <> (ps) Yo (%)
60 1 0.51 0.4 282.0 937 0.24
90 1 1.10 0.4 238.8 794 0.40
120 1 1.43 0.4 196.3 652 0.52
155 1 1.95 0.4 159.8 530 0.62

Table S1 presents the best-fit parameters obtained from fitting the non-sensitized SnO, films at four
different pump fluences in the presence of aqueous electrolyte. Figure S1 depicts the linear dependence
of both A and y, as a function of pump fluence.
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Figure S1: a) Plot of the amplitude of the stretched exponential function, A, as a function of pump fluence. b) Plot of the
long-time offset, y,, as a function of pump fluence. The dotted lines represent the best linear fit, and is constrained to pass
through the origin.
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2) Best-fit parameters of Equation 4 to dye-sensitized SnQO, films sealed in aqueous electrolyte.

Table S2: Best-fit parameters of equation 4 from dye-sensitized SnO, films photoexcited with 400 nm light. The pump
fluence was varied from 130, 250, 380, and 510 uJ/cm?. A,,;is simply the sum of A, A,,and A;.

F (W/em®)  fwhm (ps) A1 (%) A> (%) A3 (%) Ainj (%), -Airap (%) Tirap (1S)

130 0.5 0.68 0.88 0.18 1.74 17.0
250 0.5 1.35 1.67 0.32 3.34 17.0
380 0.5 1.91 2.60 0.37 4.88 17.0
510 0.5 2.39 3.40 0.49 6.28 17.0

Table S2 reports the best-fit parameters obtained from fitting Equation 4 to the dye-sensitized SnO,
films sealed in electrolyte. The amplitude of trapping, A,,,, 1S equal to —-A,,. Figure S2 depicts the
linear dependence of injection amplitude on pump fluence.

2{ o
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Figure S2: Plot of the total amplitude of injection, A;,;, as a function of pump fluence. The dotted line represents the best
linear fit, and is constrained to pass through the origin.
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3) Comparison of Drude-Smith Model and Extended Drude-Smith Model.
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Figure S3: Transient photoconductivity measurements taken at t
the EDS model, and the blue are for the DS Model.

ump = 1350 ps. The red lines display the best-fit values for

The best-fit results of the DS Model are compared to that of the EDS Model in Figure S3. It is clear
that the EDS Model more accurately represents the frequency domain data. Note in particular that the
EDS Model reproduces the low frequency imaginary conductivity significantly better.
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4) Best-fit parameters of Equation 13 for the transient photoconductivity.

Table S3: Best-fit parameters from the global fit of Equation 13.

SnO, Ru(II)phos / SnO,
toump (PS) = N (cm™) /10" N (cm™) /10"
0 4.40 -
30 3.61 7.81
60 341 8.52
150 3.01 8.65
1350 1.93 8.25
Tooart (F5) = 69.8 82.6
c, = -0.63 -0.73
A0y, (Fm?) /10%= 6.6 8.0

The best-fit parameters from Equation 13 are presented in Table S3. These values were globally fit
such that the Tscan, ¢;, and Ad,,,, are constant across all #,,.,,. The only parameter that was allowed to
vary at each #,,, is the carrier density, N.
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4) Lorentz Oscillator.
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Figure S4: A plot of a complex permittivity of a Lorentzian oscillator with a resonance at 9 THz. The black line represents
the real portion and the red the imaginary portion of the permittivity.

A change in the real part of the refractive index affects the imaginary part of the conductivity. As seen
in figure S4, the real part of the permittivity is nearly constant at frequencies well below the resonance
frequency, and the imaginary part is essentially zero. From figure S4, it is clear that before the
resonance feature there only exists a significant contribution from the real permittivity, which in turn
correlates to the imaginary conductivity.
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