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ABSTRACT: Terahertz (THz) spectroscopy has been used over the years to study carrier
dynamics in a large variety of semiconductor materials utilized in devices such as
photoelectrochemical cells. However, due to low transmission of far-infrared radiation
through conductive films, thin layers of material deposited on nonconducting substrates
have been investigated rather than inside actual devices. Here, we photolithographically
etch fluorine-doped tin oxide (FTO) coatings to produce a pattern analogous to a wire-grid
THz polarizer, and measure a nearly 260-fold increase in percent power transmitted at
1 THz through patterned electrodes (15 pm wire width and 20 pm wire period) relative to
continuous FTO films. We have employed them as visible and THz-transparent electrodes
in dye-sensitized solar cells, thereby enabling us to probe the carrier dynamics of a
functioning device under an applied bias and with background illumination using time-
resolved THz spectroscopy. We find that the electron injection efficiency and carrier
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trapping time both increase as the magnitude of the negative bias voltage is increased.

erahertz (THz) spectroscopy has emerged over the last

two decades as a versatile probe of a large variety of
materials and processes. Because the transient THz electric field
itself is measured rather than its power, THz spectroscopy
determines frequency-dependent material properties such as
the absorption coefficient, refractive index, and complex
conductivity in the far-infrared region of the electromagnetic
spectrum—all in a relatively straightforward manner.' In
addition, the ultrafast nature of THz pulses is exploited when
performing optical pump—THz probe studies wherein the
photoinduced response of a material is characterized with
subpicosecond temporal resolution. One of the most important
applications of time-resolved THz spectroscopy (TRTS) has
been to probe transient photoconductivity and charge carrier
dynamics in a variety of materials.' "> More specifically, this
method has been employed to characterize materials employed
in a range of optoelectronic devices including or§anic

photovoltaics,>~** photocatalztic water splitting cells,'"**°
as well as dye-sensitized”' ™ and perovskite-based solar
cells. > 3!

While THz spectroscopy has been useful for studying the
materials themselves and individual components of devices, a
key challenge has been the general inability to probe the active
materials under operating conditions. This is largely because
transparent conductive oxide (TCO) electrodes are employed,
which enable transmission of visible light into or out of devices
such as light emitting diodes, liquid crystal displays, and
photovoltaic and photocatalytic cells. While TCOs are
transparent to visible light, they are highly reflective to THz
radiation and, in fact, find use as optical/THz dichroic
mirrors.”” Thus, it is not possible to probe the active material
within a working device under applied bias with THz pulses.
Instead, it has become common to study isolated components
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of these devices with THz spectroscopy, and then characterize
full devices by other means. This approach has been used in
studies pertaining to dye-sensitized photoelectrochemical
cells,”>*”** photocatalytic cells,"” as well as perovskite-based
solar cells.” While such studies undoubtedly provide insight
into charge separation and transport dynamics, there is
evidence that the transient photoconductivity and charge
carrier dynamics of isolated materials differ from those of
materials in functioning photoelectrochemical devices within
electrolyte and under an applied bias.”>**~

Accordingly, we demonstrate the design, construction, and
implementation of THz-transparent electrodes, and establish
their utility in probing the transient photoconductivity of
functioning devices under operating conditions. FTO coatings
on quartz substrates are made THz-transparent by producing a
wire-grid pattern using standard photolithography techniques,
and we show that the transmitted power at 1 THz—
determined by comparing power spectra obtained from Fourier
transforms of the time-domain waveforms—is increased by a
factor of ~260 relative to a continuous FTO film. TCOs
patterned in this manner transmit linearly polarized THz light
with nearly 100% efficiency when the THz polarization is
perpendicular to the direction of the wires, consistent with
wire-grid polarizers in general. Using dye-sensitized photo-
electrochemical cells as an example, we demonstrate that it is
now possible to study functioning devices under an applied
voltage using TRTS.

Received: July 10, 2015
Accepted:  July 29, 2015
Published: July 29, 2015

DOI: 10.1021/acs jpclett.5b01473
J. Phys. Chem. Lett. 2015, 6, 3257—3262


pubs.acs.org/JPCL
http://dx.doi.org/10.1021/acs.jpclett.5b01473

The Journal of Physical Chemistry Letters

While we have physically constructed and characterized FTO
electrodes consisting of 15 um wide wires with a period of
20 um (denoted 15 ym:20 ym), we also numerically simulated
the THz transmission for a range of configurations, as they may
be more appropriate for other types devices. A variety of wire
widths and periods were evaluated using Computer Simulation
Technology Microwave Studio (CST MWS), and additional
details are provided in the Supporting Information. The power
transmitted at 1 THz through different configurations is
provided in Figure 1A.>® In general, THz transmission
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Figure 1. (A) Simulated power transmission at 1 THz through
patterned FTO where the THz polarization is perpendicular to the
direction of the wires. Transmission for various wire widths are shown
as a function of fractional coverage (width/period). (B) Simulated
optical density spectra for selected configurations with differing wire
widths and periods in microns. The legend displays the width, period,
and fractional coverage, respectively. A quartz substrate is used as a
reference to take into account losses resulting from the substrate.

decreases as the wire width increases. For wire widths below
S um, increase in fractional coverage (defined as the width/
period ratio) causes a negligible decrease in THz transmission.
However, for larger widths, higher factional coverage has a
much greater impact on the THz transmission. Similarly, THz
attenuation with increasing frequency is also more severe for
wider wires and higher factional coverage (Figure 1B). Choice
of wire-grid configuration will depend on the transmission
requirements as well as the type of device to be studied. In this
report, the 15 pm:20 pm (width:period) configuration was
chosen because the feature sizes are sufficiently large to enable
etching of the FTO by either reactive ion etching or a solution-
based method. This pattern was also selected for its large
fractional coverage, which minimizes losses in electron
collection efficiency at the FTO—metal oxide interface.
FTO/quartz substrates were patterned into a 15 ym:20 ym
wire-grid configuration using standard lithography methods
(Scheme 1). A thin layer of photoresist was applied to the FTO
surface and exposed to UV light through a photomask. The
UV-exposed portions of the photoresist were removed via
immersion in a developer solution to reveal unprotected/
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Scheme 1. Depiction of Photolithography Process Used to
Make Patterned FTO (Green) on Fused Quartz (Grey)
Substrates Using Photoresist (Red)“
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“SEM images demonstrate that the desired pattern was obtained.

exposed FTO. The unprotected FTO was then removed by two
different etching methods to produce the desired wire-grid
pattern. The first consisted of a reactive-ion etch treatment in
the presence of an argon/chlorine plasma,39 and the second
consisted of a facile, solution based technique.”” While both
etching techniques successfully removed exposed FTO regions,
the reactive-ion etching method was deemed superior, as it led
to more homogeneous and reproducible results (c.f. Figure S2).
The solution based technique is stated to be incompatible with
features below 6 um;*® however, it worked well for FTO wires
with a width of 15 um spaced by S ym. SEM images of the
patterned FTO/quartz substrates confirm that the desired wire
width of 15 pm and wire period of 20 ym were obtained.
Figure 2 shows THz pulses propagated through a 1 mm thick
fused quartz substrate as well as 15 pm:20 ym patterned and
unpatterned (continuous) FTO layers on quartz. The THz
transmission through the patterned substrate is highly depend-
ent on the orientation of the FTO wires with respect to the
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Figure 2. (A) THz pulses propagated though a blank quartz substrate
(black), 15 pm:20 pm patterned FTO/quartz with wires oriented
perpendicular (blue) and parallel (green) to THz polarization, and
unpatterned FTO/quartz (red). Pulses are horizontally offset for
clarity. (B) Optical density of patterned (perpendicular expanded in
inset) and unpatterned FTO/quartz relative to a blank quartz
substrate.
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polarization of the THz pulse. Just as with a wire-grid polarizer,
transmission is high (~93% transmitted power at 1 THz) when
the wires are perpendicular to the THz polarization, and low
(0.3% transmitted power at 1 THz) when they are parallel. In
the perpendicular orientation, the THz pulse propagated
through FTO wires has ~1S5-fold greater amplitude and
therefore much lower optical density compared with its
unpatterned counterpart (Figure 2B).

Dye-sensitized solar cells (DSSCs) are produced by
depositing a mesoporous dye-sensitized metal oxide film, such
as TiO,, onto a TCO electrode serving as photoanode, and
using a platinized TCO electrode as cathode. A sandwich
structure with an electrolyte solution containing a redox shuttle
(in this case 17/ I;” dissolved in acetonitrile, along with other
additives) filling the interior completes the electrical circuit.
DSSCs were constructed using 15 ym:20 ym patterned FTO/
quartz substrates as the TCO electrodes for both anode and
cathode. Terahertz time domain measurements shown in
Figure 3A confirm that the transmitted THz pulse amplitude
through the complete DSSC constructed with patterned
electrodes is over 150X that through a DSSC with continuous
electrodes (which corresponds to a factor of over 25,000 higher
power transmission at 1 THz). The optical density, shown in
Figure 3B, increases with increasing frequency for both devices,
and is due to absorption in the 1 mm thick fused quartz
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Figure 3. (A) Terahertz pulses propagated through DSSCs with
1S pm:20 pm patterned electrodes (blue) and with continuous FTO
electrodes (red) as well as through air (black) and quartz substrates
(green). (B) Optical density relative to the reference shown in black.
(C) SEM image of the photoelectrochemical interface between a TiO,
nanoparticulate film and the patterned electrode.
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substrates as well as the electrolyte solution with a path length
of 25 um (cf. Figure SS). While one may choose to use
crystalline quartz as substrates to mitigate THz absorption at
higher frequencies,"’ we find that the transmitted THz
amplitude through full devices with patterned FTO on fused
quartz substrates (~20% transmitted power at 1 THz) is
sufficient to enable TRTS experiments with satisfactory signal-
to-noise ratio. Figure 3A reveals that the DSSC device
components (FTO wires, sensitized titanium dioxide film,
and electrolyte) reduce the THz pulse amplitude by only ~40%
relative to a THz pulse transmitted through a pair of quartz
substrates alone.

While THz-transparency of the full device is dramatically
increased, device efficiency suffers to a small degree. Devices
constructed with 15 pm:20 um patterned electrodes had
efficiencies averaging 2.6 + 0.4% compared to 3.4 + 0.4% for
devices with continuous FTO electrodes. It must be noted that
the purpose of the patterned electrodes is not to increase device
efficiency, but rather to allow full devices to be probed with
THz spectroscopy. Decreased short circuit current densities
(8.1 + 0.2 compared to 8.5 + 0.5 mA/cm?) are likely caused by
losses in electron collection at the photoelectrochemcial
interface shown in Figure 3C. While only the 15 ym:20 pm
configuration electrodes were used to make devices, other
configurations with decreased wire spacing may lead to higher
efficiency while retaining THz-transparency. For instance, a
1 pm:2 or 3 um:4 pm configuration is expected to minimize
electron collection losses, and based on CST MWS simulations,
will not affect the THz-transparency.

DSSCs constructed with 15 p#m:20 um patterned electrodes
were probed via TRTS under an applied bias as well as
continuous broadband illumination. Figure 4A shows TRTS
traces for a device under four different biases along the
photodiode region of the current—voltage curve: short circuit
(0V, SC), the maximum power point (—0.44S V, MPP), —0.6
V, and at open circuit (OC). There are clear differences in both
electron injection efficiency, which is reflected in the magnitude
of the maximum change in THz amplitude, as well as electron
trapping dynamics, which result in the change in THz
transmission returning to zero. Electron trapping dynamics
are quantified by fitting eq 1 to the measured THz transient
absorption.

ATHz = —{A exp[;t] +,

Ttrap ( 1)

The trapping time constant for electrons within the
nanoparticulate TiO, film is denoted 7,,,, and ¢ is the amount
of time elapsed after the largest decrease in THz transmission
has occurred. The offset term y, represents long-lived charge
carriers with lifetimes on the nanoseconds—microseconds time
scale that remain in the conduction band beyond the 600 ps
window of the TRTS experiment. The overall electron injection
efficiency into the conduction band (CB) is the sum of A and
¥o- Figure 4B provides a graphical representation of the fitting
parameters of eq 1 for TRTS measurements with and without
continuous broadband illumination. The values are presented in
Table 1.

The trends in trapping dynamics can be understood as a
result of the modulation of the metal oxide Fermi level
Previous studies have shown that a negative applied bias shifts
the Fermi level to more negative potentials (higher energies),
and therefore midband trap states that lie below the metal oxide
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Figure 4. (A) TRTS measurements and fits showing the change in
THz amplitude as a function of pump—probe delay for selected points
along the current—voltage curve under continuous broadband
illumination. Short circuit: green; maximum power point: blue;
—600 mV: red; open circuit: dark gray. (B) Plot of parameters
describing TRTS scans of a DSSC under an applied bias, with and
without background illumination (solid lines and dashed lines,
respectively). Injection efficiency and y, are in units of percent change
in THz amplitude and values are given on the left axis. Trapping time
constant 7,, has units of picoseconds, and values are given on the
right axis.

CB become occupied with electrons.*” Similarly, illumination
also shifts the Fermi level toward more negative potentials. We
observe a decrease in electron trapping rate with increased
negative bias and with illumination. These results suggest that
the electron trapping rate depends on the occupation of trap
states: a larger fraction of occupied trap states correlates to
larger trapping time constants (meaning longer lifetimes of CB
electrons). We must highlight that the electron trapping
observed here is distinctly different than electron recombina-
tion studied by transient absorption spectroscopy.’® Electron
trapping is the relaxation of mobile CB electrons into midband
nonmobile trap states, whereas recombination is the process of
injected electrons returning to the oxidized dye.

We also find that electron injection into the CB is dependent
on the metal oxide Fermi level in a similar manner: increased

occupation of trap states leads to increased injection amplitude
into the CB. This finding contrasts previous studies of injection
efficiency where injection efficiency was found to be invariant
over the bias potentials applied here.’>** Those studies,
however, employed methods that cannot distinguish between
metal oxide CB and trap states. Our observed changes in
electron injection amplitude as a function of Fermi level are due
to injection directly into trap states. Since electrons in these
states are not mobile, they do not contribute to the TRTS
signal. With increased occupancy of trap states under a larger
negative bias, a larger portion of injected electrons are injected
into the CB resulting in a larger change in transmitted THz
amplitude.

Under short circuit conditions, there is very little change
between TRTS traces with and without background illumina-
tion, as seen in Figure 4B. Previous findings reveal that the trap
state distribution decreases exponentially with decreasing
energy.43 Thus, under short circuit conditions, the density of
trap states is low, and it is expected that changes in bias voltage
will result in negligible changes to the trapping dynamics since
most of the trap states localized near the conduction band
remain unoccupied. This is consistent with previous transient
absorption studies, which have found that there is an onset
potential, the more positive of which injection/recombination
kinetics become bias independent.””** Collectively, our results
demonstrate that TRTS can be a powerful method to examine
the photoexcited carrier dynamics in the conduction band of a
metal oxide, and provides new insights into the illumination
and bias dependence of electron injection and trapping in a
functioning device.

We have demonstrated that devices utilizing transparent
conductive oxides as electrodes can be probed with THz
spectroscopy by modifying them to mimic wire-grid polarizers.
We have manufactured 15 ym:20 um FTO electrodes using
standard photolithography and two different etching methods.
These patterned electrodes were employed in dye-sensitized
solar cells, which were probed with TRTS to reveal changes in
electron injection efficiency and trapping resulting from the
application of an applied voltage and broadband illumination.
While the method utilizing THz-transparent electrodes to study
devices may apply to many types of devices, our future work
will primarily focus on photoelectrochemical and photocatalytic
cells. Specifically, we intend to elucidate in detail how changes
in the electronic structure of the metal oxide affects electron
injection efficiency/dynamics as well as electron trapping
dynamics.

Table 1. Fitting Parameters for Trapping Dynamics Measured under Various Applied Biases with and without Continuous

(CW) Broadband Illumination

injection amplitude® Yo Tz (ps)
with CW without CW with CW without CW with CW without CW
applied bias illumination illumination illumination illumination illumination illumination
0 mV 1.78 1.79 1.08 1.05 279 264
445 mV 2.08 1.87 1.33 1.09 360 285
600 mV 2.24 1.99 1.47 1.23 415 307
oc’ 247 231 1.64 1.49 481 355

“Injection amplitude is taken to be the sum of y, and A in eq 1 (all in units of percent change in THz amplitude). ®Open circuit condition was

obtained by setting the device current to 0 A.
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B EXPERIMENTAL METHODS

The THz spectrometer and data acquisition methods are
described in the Supporting Information, and additional details
are found in ref 2. Similarly, the details for lithographically
patterning FTO electrodes and DSSC fabrication are found in
the Supporting Information.

B ASSOCIATED CONTENT
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Additional details of CST simulations, FTO etching methods,
DSSC fabrication, and time-resolved THz spectroscopy setup.
THz optical density of DSSC components and representative
current—voltage curves of a DSSC with patterned electrodes, as
well as solar cell parameters for devices with and without
patterned electrodes. The Supporting Information is available
free of charge on the ACS Publications website at DOI:
10.1021/acs.jpclett.5b01473.
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