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Bandgap engineering of a photonic crystal is highly desirable for photon management in photonic sensors
and devices. Aperiodic photonic crystals (APCs) can provide unprecedented opportunities for much more
versatile photon management, due to increased degrees of freedom in the design and the unique properties
brought about by the aperiodic structures as compared to their periodic counterparts. However, many
efforts still remain on conceptual approaches, practical achievements in APCs are rarely reported due to the
difficulties in fabrication. Here, we report a simple but highly controllable current-pulse anodization
process to design and fabricate TiO, nanotube APCs. By coupling an APC into the photoanode of a
dye-sensitized solar cell, we demonstrate the concept of using APC to achieve nearly full-visible-spectrum
light harvesting, as evidenced by both experimental and simulated results. It is anticipated that this work will
lead to more fruitful practical applications of APCs in high-efficiency photovoltaics, sensors and
optoelectronic devices.

he concept of photon management has emerged as one of the hottest research topics in the effort to enhance

light harvesting efficiencies in photovoltaics, sensors and optoelectronic devices'™. Intensive studies have

been made in recent years to scrupulously design hierarchically ordered nanoarchitectures®®, or to integrate
plasmonic and/or photonic structures in such devices for efficient light management, both theoretically and
experimentally’ . For example, by collective oscillations of free electrons localized at surfaces of metallic nano-
structures, plasmonics has been used to enhance light harvesting in various types of solar cells, such as silicon solar
cells"', CdTe solar cells'?, organic solar cells'?, and dye-sensitized solar cells (DSSCs)'*. As a promising alternative,
photonic crystals (PCs) with periodic dielectric nanostructures, which are able to trap and slow photons in the
light absorbing layer, have also been successfully integrated in solar cells to improve the light harvesting effi-
ciency'> . Various approaches, such as, nanopatterning®', template-assisted** and layer-by-layer assembly tech-
niques®, are often used to design and fabricate PCs with various spatial nanostructures. A novel TiO, nanotube
PC (NTPC) with freely tunable bandgap was recently fabricated by a current-pulse anodization method**°. The
NTPC made by this technique shows the great potential to be applied to DSSCs for significantly enhanced light
harvesting by proper selection of the bandgap***°.

However, PC with a periodic structure shows a strong reflection of light only in a relatively narrow range. To
maximize the light harvesting, a strong light reflection over a broader range is preferred. From the structural point
of view, this requires a spatial variation of the periodicity where the PC can be called aperiodic PC (APC). Study
on APCs with aperiodic sequences, such as, Fibonacci, Cantor, Thue-Morse, and Rudin-Sphapiro, were originally
driven by mathematical motivations and previous work was mainly theoretical®®. Experimentally, due to the lack
of an efficient fabrication technique to deal with the extremely complex spatial structure, the existence of large
amount of structural defects makes the APCs difficult to accurately display the desired properties***~*'. Thus, the
experimental exploration of APCs for real device applications is rarely reported.

By using a current-pulse anodization process with diminishing time period, we demonstrate the successful
fabrication of TiO, nanotube APCs (NTAPCs). Compared to the conventional approaches, such as template-
assisted and layer-by-layer assembly techniques, this method is simple, highly controllable and economical. As a
proof-of-concept, we couple the TiO, NTAPC to the photoanode of DSSC and, due to the broadband reflectance
in APC with an arithmetic sequence, an increase of 27.01% in photocurrent can be observed. Enhanced light
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Figure 1| Schematic illustration of the fabrication of a TiO, NTAPC coupled DSSC. (a) The time-diminishing current-pulse anodization process for
TiO, NTAPC. (b) Formation of TiO, NTAPC membrane. (c) Self-detachment of the NTAPC membrane from the Ti substrate by anodization at 70V.
(d), (e) Doctor-blade coating of TiO, nanoparticle paste on FTO. (f), (g) The conventional preparation process of Pt-coated FTO by thermal

decomposition. (h) Attachment of the TiO, NTAPC membrane onto the TiO, nanoparticle paste by calcination at 450°C. (i) Final assembly of the TiO,

NTAPC coupled DSSC.

harvesting in nearly full-visible-spectrum from purple to red is veri-
fied by numerical simulations and systematic experimental studies. It
is believed that our work on TiO, NTAPC with broadband reflec-
tance will open a door for more fabrication methods of APCs to
appear, and eventually bring about more practical applications of
APCs in a variety of photonic devices.

Results and discussion

The TiO, NTAPC coupled photoanode, consisting of a membrane of
TiO, NTAPC and a layer of TiO, nanoparticle (NP), was assembled
into a cell following the process described in Figure 1. First, the TiO,
NTAPC with a gradually decreasing lattice constant (in an arithmetic
sequence) was obtained by time-diminishing current-pulse anodiza-
tion (Figure la, b). Then, a self-detaching anodization (Figure 1c)
was applied to form a free-standing TiO, NTAPC membrane with
high quality optical properties. Next, the detached TiO, NTAPC
membrane was transferred and attached onto a transparent FTO
substrate (Figure 1h) coated with a thick (~8 pum) absorbing layer
of TiO, NPs via a doctor-blade method (Figure 1d, e). Finally, the
photoanode was annealed and assembled with a thermal adhesive
film and Pt-coated counter electrode (Figure 1f, g) to form a sand-
wich type cell (Figure 1i).

The most challenging part of the work is to accurately control the
lattice constant of the TiO, NTAPC in order to achieve the desired
features. This can be achieved by controlling the time duration of
anodization current pulse, since the lattice constant of the TiO, PC
layer is in a linear relationship with the time duration of a high-
current (HC) pulse®*®. In this work, the TiO, NTAPC with a gradu-
ally decreasing lattice constant (in arithmetic sequence) was fabricated
by a time-diminishing current-pulse anodization method, where the
time duration of the HC pulse was decreased gradually following an
arithmetic sequence (Figure la and Supporting Information Figure
S1). The lattice constant of the TiO, NTAPC membrane decreased
almost linearly from ~230 nm on the top to ~180 nm in the middle
and ~110 nm on the bottom, respectively (Figure 2).

The working principle of the TiO, NTAPC coupled photoanode to
achieve the full visible spectrum solar light harvesting is schematic-
ally illustrated in Figure 3a. When the photoanode was illuminated
from the front side, the non-absorbed incident light within the visible
range would be reflected back to the TiO, NP absorbing layer by the
TiO, NTAPC layer and hence enhanced photon harvesting can be
anticipated.

The experimental and simulated reflectance spectra of the TiO,
NTAPC/NP photoanode in air and ethanol are shown in Figure 3c.
Compared to the reflection spectra of a photoanode coupled with a
PC (TiO, NTPC/NP, Supporting Information Figure S2), which
shows a narrow reflection peak at about 450 and 510 nm in air
and ethanol, respectively, the reflection spectra of TiO, NTAPC/
NP photoanode show a broader peak from 400 to 650 nm in air
and from 400 to 750 nm in ethanol. The experimental results agree
quite well with the simulated reflectance spectra of the TiO, NTAPC/
NP photoanode in terms of the peak position. The origin of the
reflectance peak broadening in NTAPC can be easily understood
by viewing the APC as a stack of PC layers with different lattice
parameters. Each PC layer reflects light with a peak at its Bragg
position. The reflectance peak shifts continuously as the lattice para-
meter gradually changes in an arithmetic sequence. The reflectance
peaks from different layers superimpose to form broader peaks with
increased peak maximum, until it reaches 100%. In the present study,
the thickness of the ith (i = 1, 2,..., 32) unit cell in the NTAPC layer,
which contains a protruded ring, and a normal tube with certain
length, can be expressed as b; = b; + (i — 1)d, where d is the common
difference (3.6 nm in this study) of the arithmetic sequence, and b, is
the initial term, the thickness of the first unit cell. Figure 3b shows the
simulated reflection peaks from two 8-unit-cell NTAPC slabs, one
with b; = 165.2 nm and the other 194 nm. When they superimpose,
(i.e., forming a 16-unit-cell slab) the reflection peak is greatly broa-
dened to 475-655 nm, covering the two stop bands of each indi-
vidual 8-unit-cell slab (i.e., 470-595 nm and 540-670 nm,
respectively). At the same time, the reflection peak also increases
in intensity and becomes flattened when the intensity reaches
100% in the range of 535-610 nm. When two 16-unit-cell slabs are
further stacked to form a 32-unit-cell NTAPC slab, the desired strong
reflection with a value of almost 100% can be obtained in a range of
400 to 600 nm.

To have a thorough understanding of the effect of TiO, NTAPC
on the light harvesting of a DSSC, the spatial distribution of the
amplitude of the electric field at four different wavelengths, namely,
405, 515, 674 and 783 nm, are plotted in Figure 3d. It can be seen
that, at a wavelength of 405 nm, the TiO, NTAPC acts as a Bragg
mirror to reflect photons back to the TiO, NP absorbing layer. The
reflection mainly takes place at the interface between the TiO,
NTAPC and TiO, NP layers and it causes strong photon resonance
modes in the TiO, NP layer. As the wavelength is increased from 515
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Figure 2 | The morphology and structure of the TiO, NTAPC/NP photoanode. (a) FESEM image showing the cross-section of a photoanode

(the TiO, NTAPC with 35 periods and the TiO, NP are ~6 and 8 pm in thickness, respectively). Inset: top-view of the TiO, NTAPC. (b) Magnified view
of the TiO, NTAPC. (c), (d), (e) Magnified views of the TiO, NTAPC shown in (b) (top, middle and bottom parts, respectively). The scale bar measures
2 um for (a), 500 nm for inset of (a), 500 nm for (b), 200 nm for (¢), (d) and (e).

to 674 nm and finally to 783 nm, the reflection interface gradually
shifts towards the longer lattice constant side (i.e., the left side of
Figure 3d), which corresponds to Bragg reflection at longer wave-
length (as shown in Figure 3b). As compared to the electric field
distribution in a photoanode coupled with TiO, NTPC (with a fixed
lattice constant of 150 nm, Supporting Information Figure S3), the
stronger electric field observed in the NTAPC layer indicates that the
NTAPC also contributes to the light harvesting. The contribution
from NTAPC is more significant at longer wavelength. As the wave-
length increases, the electric field penetrates more deeply into the
NTAPC layer (Figure 3d). This also manifests the importance of
choosing TiO, as the material for NTAPC.

The photocurrent vs. voltage curves of the NTAPC coupled cell
were compared with two reference cells integrated with smooth TiO,
NTs and TiO, 150NTPC (NTPC with fixed lattice constant of
150 nm), respectively (Figure 4a). The 150NTPC was chosen as a
reference since its reflectance maximum best matches the absorption
maximum of N719 dye. The photoanodes of all the cells have the
same total thickness of ~14 pm (Supporting Information Figure S4).
An 8-pm-thick absorbing layer is chosen for a higher power conver-
sion efficiency as compared to a thinner absorbing layer (Supporting
Information Figure S5). The corresponding photovoltaic parameters,
extracted from I-V curves shown in Figure 4a, are summarized in
Table 1. The three different cells show similar fill factor (FF) and open
circuit voltage (V,.). However, large and substantial variations of the
short-circuit current density (J;) can be observed in different cells.

The J, of the reference cell with TiO, NT/NP photoanode reaches
14.07 mA-cm™. By coupling the photoanode with 150NTPC, an
increase of 16.56% in J;. can be obtained. By coupling the photoanode
with an NTAPC layer (instead of the 150NTPC), a greater increase in
Jsc (27.01%) is achieved. The power conversion efficiency () of the
NTAPC coupled cell has reached 7.87%, which is one of the highest

values reported for all sorts of PC-coupled DSSCs to date
(Supporting Information Table S1).

Light harvesting enhancement in the whole visible range in the cell
coupled with NTAPC can be clearly seen from the incident photon-
to-electron conversion efficiency (IPCE) measurement (Figure 4b).
IPCE of a DSSC can be expressed as a product of the light harvesting
efficiency (#.y), the electron injection efficiency (171ny), and the elec-
tron collection efficiency (1cor), i.e., fipce(4) = nru(4) X nng(4) X
ncoL(4), all of which are wavelength dependent®. Among them, 115
is determined by the amount of dye loading, the photon management
ability of the photoanode, and other factors; #nyy is largely deter-
mined by the competition between charge recombination and charge
collection; ncor mainly depends on the interface situation of
absorbed dye on the photoanode material®”®. The electron lifetimes
(1, obtained from the electrochemical impedance spectroscopy,
Supporting Information Figure S6) of the three different types of
photoanodes are quite similar as shown in Table 1, showing similar
dynamics. The electron collection efficiencies of different cells tested
in the present work can also be assumed to be the same, due to the
same dye and the same materials used in different types of DSSCs.
Hence, in the present study, the improved IPCE in NTAPC coupled
cell is mainly due to the enhanced light harvesting efficiency, i.e., the
enhanced absorptance, leading to increased J,.. Indeed, the introduc-
tion of TiO, 150NTPC only result in the increase of IPCE over a
relatively narrow wavelength range, because of the narrow band-
width of TiO, 150NTPC. While for the cell equipped with the
TiO, NTAPC photoanode, the IPCE value is significantly greater
than those cells coupled with smooth TiO, NT or TiO, 150NTPC
over almost the whole visible spectrum. The enhancement of IPCE
over such a broad wavelength range in NTAPC coupled cell clearly
demonstrates the important role played APC to achieve full-visible-
spectrum solar light harvesting.
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Figure 3 | Experimental and simulated optical properties of TiO, NTAPC coupled photoanode. (a) Light trapping in the NTAPC coupled photoanode.
(b) Simulated reflectance spectra of NTAPC with different number of unit cells showing the spectrum broadening effect. The reflectance spectra of two 8-
unit-cell NTAPC slabs with b; = 165.2 and 194 nm are shown as dotted lines in purple and pink, respectively. The green and blue solid lines are the
reflectance from two 16-unit-cell NTAPC slabs with b; = 107.6 and 165.2 nm, respectively. The red solid line is the reflectance curve from a 32-unit-cell
NTAPC slab with b; = 107.6 nm. (c) Experimental and simulated reflectance spectra (under near normal incidence) of the TiO, NTAPC coupled
photoanode in air and ethanol, respectively. The background reflectance from the FTO coated glass substrate covered with TiO, NPs was subtracted.
(d) Distribution of the amplitude of the electric field in different parts of the photoanode.

Numerical simulations (Figure 4c) of the absorptance of the
DSSCs show that the cell coupled with 150NTPC has an enhanced
absorption mainly around the Bragg position (~510 nm) of
150NTPC immersed in electrolyte. An appreciable increase in simu-
lated absorptance in almost the whole visible range can be found in
cells coupled with NTAPC. These results are in accordance with the
measured IPCE. In addition, the percentage enhancement in J, based
on theoretical simulation (S4J,/Js.) also agrees well with the one
obtained from experiments (EAJ/J). The S4J./], of TiO,
NTAPC/NP and TiO, 150NTPC/NP is 23.04 and 11.08%, respect-
ively, while the EAJ/J; of TiO, NTAPC/NP and TiO, 150NTPC/NP
is 27.01 and 16.56%, respectively. The slight difference between the
experimental and simulated results can be ascribed to the difference
in the amount of dye loading in different photoanodes (Table 1). Due
to the protruding rings around the smooth nanotubes, the NTPC/NP

and NTAPC/NP photoanodes normally have slightly larger surface
area than the NT/NP photoanode, and hence higher amounts of dye
loading. Thus, it can be concluded that the enhanced J,, is mainly
attributed to the full-visible-spectrum solar harvesting achieved by
TiO, NTAPC.

In conclusion, we have developed a novel versatile technology,
enabling precise fabrication and tailoring of the complex spatial
structure of TiO, NTAPC with wide and tunable reflection spectrum
to achieve high-efficiency photon management. The impact of this
work will go far beyond just a proof-of-concept of nearly full-visible-
spectrum solar light harvesting by integrating TiO, NTAPC into
DSSCs to reach 27.0% increase in ], and an efficiency of 7.87%.
Our strategy allows multi-degree of freedoms in the design of nano-
structures for the exploration of a plethora of fascinating properties
of APC for practical applications in photonics.
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Figure 4 | Photovoltaic performance of TiO, NTAPC-coupled DSSC. (a) Photocurrent-voltage curves of three representative cells: TiO, NTAPC/NP,
TiO, 150NTPC/NP, and TiO, NT/NP. The TiO, NP layer has a thickness of 8 um. The TiO, NTAPC, TiO, 150NTPC and TiO, NT layers have
the same thickness of 6 pm, (b), (c) Experimental IPCE and numerical simulated absorptance, respectively, of the three representative DSSCs.

Methods

Materials and Reagents. All materials and reagents were used as received without
further purification or treatment. Titanium foils (99.7%) were purchased from Strem
Chemical (USA). Ethylene glycol (EG, 99.5%), ammonium fluoride (96%), acetone,
and ethanol were obtained from International Laboratory (USA). D.I. water

(18.2 MQ+cm) was produced by Direct-Q 3 Water Purification Systems (Millipore).
The FTO glass (Nippon Sheet Glass), Pt-coated FTO glass, thermal adhesive film
(25 um thick, Surlyn-1702), N719 dye (Solaronix) and the electrolyte (DMPD: 1.0 M,
Lil: 0.1 M, 4-TBP: 0.5 M, I,: 0.12 M, 3-methoxy propionitrile) were purchased from
Wuhan Geao Instruments Science and Technology Co. Ltd (China). The TiO, NP
paste (20 nm, 18NR-T) was purchased from Dyesol (Australia).

Fabrication of TiO, NTAPC. The TiO, NTAPC was fabricated by time-diminishing
current-pulse anodization. Briefly, the titanium foils were pre-treated by anodization
at 70 V for 10 min, using an electrolyte consisting of 0.5 wt% ammonium fluoride in
an aqueous EG solution (3 vol% D.I. water in EG) in a two-electrode electrochemical
cell. Then the flat Ti surface was subject to a subsequent ultrasonic treatment in D.I.
water for 5-10 min. Current pulse anodization with alternating high current (HC)
and low current (LC) pulses was then adopted to fabricate the TiO, NTAPC. The
current density of the HC pulse was so determined to achieve an anodization voltage
of around 70 V. The time duration for LC pulse was fixed at 90 s, while that for the
HC pulse started from 40 s, and then decreased in an arithmetic sequence to 16 s after
35 cycles. For all the samples, the thickness of TiO, NTAPC membrane was fixed to
~6 pm.

Fabrication of the Photoanodes and DSSCs. To construct the proposed photoanode
(TiO, NTAPC/NP), the as-grown TiO, NTAPC membrane was firstly heat treated at
270 °Cfor 1 h. Then it was detached with a subsequent anodization at a bias voltage of
60 V for 2 h in the same electrolyte as reported in our previous work***. After being
washed with ethanol, the TiO, NTAPC membrane was detached from the titanium

substrate, and then adhered to the FTO substrate with TiO, NP paste via a doctor-
blade method. The adhered samples were then annealed at 450 °C for 3 h under
heating and cooling rates of 1 °C min~". The photoanodes were then soaked in a dye-
containing solvent (0.3 X 107* M N719 in ethanol) at 60 °C for 24 h, followed by
rinsing in pure ethanol for 1 min to remove non-chemisorbed dye. Subsequently, the
dye-sensitized TiO, electrode and Pt-counter electrode were assembled into a
sandwich type cell and sealed with a thermal adhesive film. The electrolyte was
infiltrated into the cells by placing the electrolyte droplet in the cavity of the active
area of the device before it was sealed with UV epoxy. In this study, TiO, NT/NP and
TiO, 150NTPC/NP reference photoanodes were also made, with the thickness of
TiO, NT and 150NTPC layers the same as that of the TiO, NTAPC layer. For each
type of cells, more than 5 samples were made and characterized.

Characterization of the Photoanodes and DSSCs. Reflectance spectra were acquired
using a typical microreflectivity/microtransmission system (Ocean Optics(R)
USB2000+ fiber spectrometer) over a sample area of roughly 5 X 5 pm* with a
magnification of 100X. A spectral range of 400-800 nm was explored using a
tungsten-halogen lamp. A field emission scanning electron microscope (FESEM,
JEOL JSM-6335F) was used to study the microstructure. I-V characteristics were
measured using a Keithley 2420 source meter. For white-light efficiency
measurements (at 100 mW-cm™2), a Newport 91160 solar-light simulator with an
AM 1.5 filter was used. All the measurements were performed in air over an active
area of 0.16 cm’. For IPCE measurement, the light source was from a Newport 66902
solar simulator. The wavelength of light was tuned with a Newport 74125
monochromator. The photocurrent was measured with a Newport 2931-C power
meter. The light intensity was measured with a Newport 2931-C power meter
equipped with a 71675_71580 detector probe. The electrochemical impedance
spectroscopy (EIS) data were collected at the open circuit voltage with an AC
perturbation signal of an amplitude of 10 mV and a frequency within 0.05 to 10° Hz.
Dye amounts were determined by desorption the photoanodes in 0.1 M NaOH

Table 1 | Characteristic photovoltaic parameters of the samples. EAJ,./J;. and SAJ,./J;. are the percentage enhancement in J,. based on
experimental and theoretical simulation results (TiO, NT/NP as the reference), respectively

Photoanode Voe (V) Jie (mA-cm?) FF 1 (%) EAJi/ Jsc (%)  SAJie/ ) (%) Dye loading (nmol-cm=2) 1, (ms)
TiO, NT/NP 0.71 14.07 0.62 6.19 - - 136 9.0
TiO, 150NTPC/NP 0.72 16.40 0.61 7.20 16.56 11.08 147 9.7
TiO, NTAPC/NP 0.71 17.87 0.62 7.87 27.01 23.04 148 9.5
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aqueous solution and measuring the absorbance by a UV-Vis spectrophotometer
(Model UV-2550, Shimadzu, Japan).

Simulation and Theoretical Calculation. The numerical calculation of both
reflection and absorption spectra were performed with finite-element full wave
simulation method. Similar to the experiments, in our models, the incoming light first
incident normally on a conductive transparent substrate (refractive index n; = 1.45),
on which an 8 um thick TiO, NP layer with 50% porosity has been deposited. The
effective refractive index of this layer, assuming that the electrolyte (with n = 1.403,
similar to that of 3-methoxy propionitrile electrolyte) fills all the pores, is 73 = 2.03.
The light then reaches the TiO, 150NTPC or TiO, NTAPC layer (~6 um in
thickness), modelled as TiO, NTs arranged in a hexagonal lattice with the geometric
features similar to the experimental samples, i.e., the outer diameter and the wall
thickness being 110 and 10 nm, respectively, with the axial direction of NTs
perpendicular to the conducting substrate. In addition, periodic boundary conditions
were adopted in our simulation to allow the simulation of the nanotube array. All the
layers of the photoanode, including NP, NT, PC, and APC layers of TiO,, were
sensitized by ruthenium dye N719, and the absorption coefficient of the ruthenium
dye, which is represented by the frequency-dependent imaginary part of the complex
refractive index, is obtained by fitting photocurrent and absorptance spectra of
similar TiO, NP layer and device. Finally, the electrolyte was considered as the last
media in our model. The refractive indices of different layers were calculated by the
effective medium theory, using #ri0, = 2.51. More details about the simulation and
theoretical calculation can be found in the Supporting Information.
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