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Among various types of photovoltaic devices,[1-4] dye sensitized solar cells (DSSCs) are 

recognized as the viable one to compete with others, being inexpensive and able to be mass 

produced using simple fabrication processes.[3] Apart from the many chemical methods to 

enhance the efficiency of DSSCs, such as the purification of dye molecules[5] and surface 

treatment with TiCl4,
[6] physical methods are also frequently used. A typical example is the 

use of a photonic crystal (PC) layer on top of the mesoporous TiO2 layer to enhance light 

harvesting within the specific absorption spectrum range of the dye.[7-14] A variety of 

mechanisms are responsible for the enhancement of photovoltaic performance by coupling a 
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PC layer to the solar cell absorption layer, such as, 1) photon localization and enhanced red 

light absorption near the edges of a photonic bandgap,[8,15] 2) light reflection within the 

photonic bandgap at various angles,[16,17] and 3) formation of photon resonance modes within 

the dye-sensitized layer.[18,19] By tuning the thicknesses of the light absorbing TiO2 and PC 

layers so as to control the reflected, diffracted, or refracted light passing through the cell,[17,20] 

a more significant improvement in light absorption can be achieved than the one caused by 

using geometrical optics based elements, such as the incoherent scattering layers and high-

reflectivity metallic mirrors.[18,20] 

Experimentally, there are many ways to couple the PC to the mesoporous TiO2 layer in 

DSSC. In traditional PC-coupled DSSCs, the PC and absorbing TiO2 layers are prepared by 

different processing methods and sometimes different materials, such as, depositing alternate 

layers of SiO2 and TiO2
[11,19] or forming TiO2 inverse opal layer[7,13,21] on top of the absorbing 

TiO2 layer. However, these methods suffer from one or more of the following intrinsic 

drawbacks: (1) poor physical contact between the PC layer and the TiO2 absorbing layer; (2) 

non-conductive PC layer that hinders the charge transport (leading to poor fill factor); (3) 

clogging channels (for electrolyte infiltration) formed at the interface; (4) the photonic 

bandgap being impossible to be continuously adjusted for the maximization of light 

harvesting; and (5) stringent requirement on interface flatness laid by the processing method, 

restricting the thickness of the absorbing layer to be very thin. Although PC-coupled DSSCs 

are reported to be better than those without PC coupling, a poor fact is that all the existing PC-

coupled DSSCs suffer from relatively low power conversion efficiencies due to the above 

intrinsic drawbacks. 

In the present study we have developed a novel approach to overcoming all the above 

drawbacks. Both the absorbing TiO2 and PC layers were fabricated by electrochemical 

anodization, where the PC layer was fabricated by anodization under periodic current pulses. 

The schematic of the bi-layer structure fabrication and cell assembly processes is shown in 
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Figure 1. Apart from overcoming the above mentioned drawbacks, an added value of this 

coupling technique is that the PC layer also contributes to the light conversion by its response 

to localized photons near the long wavelength edge of the photonic bandgap. Moreover, the 

TiO2 absorbing layer formed by anodization is actually one-dimensional nanotube (NT) array 

whose electron-hole recombination is reported to be much slower than that of mesoporous 

TiO2 nanoparticles, while the electron transport time is similar in both nanostructures.[22] 

Remarkable increase in power conversion efficiency has been achieved in DSSC adopting this 

novel bi-layer structure. 

The key to obtaining a perfect PC layer is the formation of an ideal periodic structure 

along the axial direction of the NTs. Anodization under periodic voltage pulses fails to form 

PC since the structural period decreases with time.[23] Close examination of the anodization 

process shows that the formation of TiO2 NT involves competition between the oxidation of 

metallic Ti at the bottom of the NTs and the dissolution of TiO2.
[24] If the dissolution of TiO2 

at the mouth of NTs can be kept to a minimum by using an organic based electrolyte such as 

ethylene glycol,[25,26] the growth rate of TiO2 NTs is then controlled by the oxidation of Ti to 

TiO2 under stable conditions. The growth rate of TiO2 NTs is hence dependent on the rate of 

charge transferred to the external circuit, i.e., the current. Therefore, to obtain a periodic 

structure along the axial direction of NTs, a periodic current anodization method should be 

used. A similar method using constant current pulses to obtain a periodic structure has been 

reported.[27] 

Figure 2 shows a dense array of smooth-walled NTs with a periodic structure along the 

axial direction obtained by anodization using periodic constant current pulses. The voltage-

time transient for a particular anodization process is also shown. The as-anodized PC layer 

showed a purple color under fluorescent light. When it was transferred to the fluorine doped 

tin oxide (FTO) glass substrate and immersed in ethanol, a nearly green color was observed. 

This red shift of the spectral reflection peak is due to the lowering of the refractive index 
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contrast of the PC layer. This result agrees quite well with the theoretical calculations (Figure 

S5, Supporting Information). The reflection peak of the PC layer can be easily tuned by 

adjusting the axial lattice constant through monitoring the current pulse durations (tHC and tLC).  

Optical properties. As-anodized TiO2 PC layers with different periods (but fixed lattice 

constant around 150 nm) were detached from the Ti substrates and attached to FTO substrates 

for reflectance measurements. As can be seen from Figure 3a, under near normal incidence of 

unpolarized light, a broad peak centered at around 430 nm (purple sample in air) was 

observed, with maximum reflectance of around 60% and additional features at longer 

wavelengths. The reflectance spectra were strongly affected by the refractive index contrast. 

For example, when the sample was infiltrated with ethanol, a red shift of the reflection peak 

could be observed, compared with that of the sample in air. When the refractive index contrast 

was further lowered by infiltration with the liquid electrolyte (the hole-transporting medium 

of DSSCs), the reflection peak of the PC layer shifted to an even longer wavelength which 

was close to one of the absorption peaks (~500 nm) of the N719 dye. Numerical simulations 

were conducted on the TiO2 PC layer and the simulated reflectance spectra agreed well with 

the experimental results in terms of peak position (Figure 3 and Figure S5, Supporting 

Information). The secondary oscillating feature in simulated spectra was not experimentally 

observed due to microstructure imperfections. Moreover, the intensity of Bragg reflection 

increased with increasing number of periods in the PC layer (Figure 3). Similar results were 

obtained for the PC layer with an axial lattice constant of 180 nm (green sample in air, Figure 

3b). The reflection peak of this sample in electrolyte was located at near infrared (~640 nm), 

which is in the low absorption region of N719. Furthermore, by tuning the HC duration 

during anodization, a variety of differently colored PC layers could be fabricated (Figure 2c). 

This feature allows us to match at will the bandgap of the PC layer (in electrolyte) to any 

appropriate absorption region of any dye molecules for DSSC applications. The continuously 

adjustable bandgap of the anodic PC layer is an attractive feature for maximizing the 
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photovoltaic performance of DSSCs. While in conventional methods, such as the inverse opal 

template one, only discrete bandgap can be obtained due to the discrete size of polystyrene 

spheres.  

Photovoltaic characteristics. To demonstrate the effect of PC layer on the photovoltaic 

performance of DSSCs, cells with the bi-layer structure were compared with the reference 

cells without a PC layer. A total of 4~6 cells were tested for each type of cell. The thickness 

of the bi-layer structure in all the cells was around 10μm (Figure S2, Supporting Information), 

same as the thickness of the absorbing TiO2 NT layer in a reference cell (Figure S3, 

Supporting information). As the dye adsorption varied in different samples, only those DSSCs 

with similar dye loading were chosen for comparison.  

Figure 4 shows that all the DSSCs with a PC layer have better photovoltaic 

performance than the reference. Due to the presence of the PC, both the short circuit current 

Jsc and the open circuit voltage Voc were improved. The increase in Jsc was due to the efficient 

light harvesting facilitated by the PC layer. It is expected that the increased photoelectron 

density, which is proportional to the product of Jsc and the recombination time constant,[22] 

will give rise to an increased Voc.  

To study the significance of the PC layer in light harvesting, the external quantum 

efficiency (EQE) was measured and the results are shown in Figure 5. It can be seen that 

under back side illumination, the PC effect leads to a significant lowering of EQE in the 

photonic bandgap region since the PC layer blocks the transmission of photons of this range 

to the NT absorbing layer. Under front side illumination, the use of PC layer leads to an 

increase of EQE within the photonic bandgap, corresponding to the maximum reflectance 

range of the PC layer. If the photonic bandgap is tuned towards a longer wavelength, the 

shape of EQE spectra will also change accordingly with the increase of EQE shifted to a 

longer wavelength. Due to the effective reflection of waves in the photonic bandgap and 

possible formation of resonance modes in the TiO2 NT absorption layer, an enhanced 



   Submitted to  

 6 

photocurrent response can thus be expected in DSSCs coupled by the PC layer. It should be 

noted that, if the PC layer was prepared by a conventional inverse opal method, a thin 

overlayer with a thickness around 100 nm is inevitably deposited, which will affect the 

resonance mode.[28,29] The ovelayer will introduce modifications in the photonic bandgap and 

also modulate the reflected light intensity in the pass band.[28] The technique used in the 

current work did not introduce any overlayer on top of the PC layer, as can be verfied from 

the cross-section SEM image (Figure S1, supporting information). This is another advantage 

of our technique. In our PC-coupled DSSC, an absorbing TiO2 NT layer (without periodicity 

in the axial direction) has a total length of 5.5 m on top of the PC layer. Resonance peaks are 

expected to appear in the reflection spectra, as explained by Mihi et al.[28] The peaks should 

repeat themselves at roughly regular intervals in wavelength while the width of this repetition 

depends on the thickness of the overlayer. When the thickness is gradually increased from 

zero, there will be a dip first appearing at the reflection peak.[28] When the thickness of the 

overlayer is further increased, more features (peaks and troughs) appear. For our case, we can 

estimate that the small featured peaks should repeat at around every 9 nm in wavelength and 

therefore they are averaged out already due to a little bit randomness in periodicity during the 

fabrication. More over, at energies below the photonic bandgap (Figure S7, Supporting 

Information), the standing wave is predominately localized at the high refractive index part of 

the PC structure[8] where the dye molecules are attached, photocurrent at longer wavelengths 

(than the photonic bandgap edge) will be increased. This is unambiguously illustrated in the 

EQE curve under back side illumination (Figure 5a) where a sharp peak around 600 nm can 

be seen. 

Our results show that by coupling the PC layer to the TiO2 NT absorbing layer an 

increase of over 50% in power conversion efficiency can be achieved in comparison with the 

efficiency of a DSSC without a PC layer. Such remarkable increase (50%) is rarely reported 

in PC-coupled DSSCs and moreover, the efficiency of our DSSC (5.61%) is higher than that 
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of most of the reported PC-coupled DSSCs.[7,9,11,14,30,31] It should be emphasized that the 

increase in conversion efficiency in our DSSC is not attributable to higher dye loading, and 

we only compared DSSCs with similar amounts of dye loading in Figure 4 in an attempt to 

study the effect of PC layer coupling. We believe that by optimizing the geometry of the 

electrode, tuning the photonic bandgap or using double PC layers,[32] increasing the dye 

loading, treating with TiCl4, and using purer dye, the power conversion efficiency of our PC 

coupled DSSCs can achieve a value that appeal to the industry. To verify this belief, a 

prelimenary study was conducted. By varying the thickness of each layer and the axial period 

of the PC layer, a power conversion efficiency of 7.11% can be achieved (Figure S8, 

Supporting Information).  

In summary, we have developed a single-step approach to the seamless coupling of a 

PC layer to a TiO2 NT absorbing layer for greatly enhanced photovoltaic performance of 

DSSC. The TiO2 NT layer was fabricated by normal electrochemical anodization and the 

TiO2 PC layer was obtained by a periodic current pulse anodization. DSSCs equipped with 

this bi-layer structure showed significantly enhanced power conversion efficiency, an increase 

of over 50% compared with the cells without a PC layer (under simlar total thickness and dye 

loading). This improvement is attributed to the enhanced light harvesting of the DSSCs in the 

spectral range corresponding to the photonic bandgap of the PC and a longer wavelength 

range. The current technique of coupling the PC layer to the TiO2 absorbing layer is superior 

to many others that use either inverse opals or periodic double layers, in that it provides a 

continuously tunable optical bandgap and leaves plenty of rooms for further enhancement in 

power conversion efficiency. Besides, this simple photonic crystal fabrication process can be 

extend to other applications, such as, DSSCs with solid state or viscous electrolyte, and 

plasmonic PC by metal infiltration into PC nanotubes, etc. 

 

Experimental 
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Fabrication of Bi-layer Structure: Titanium foils with a thickness of 0.25 mm were cleaned 

by sonication in ethanol for five minutes, then rinsed by deionized water (DI) and finally 

dried in an oven at 100 °C for 10 minutes. The electrolyte used for the anodization was 

ethylene glycol (99.8%, GR Ph Eur international laboratory) with 0.5 wt% ammonium 

fluoride (99+%, BDH) and 4-6 vol% DI water. Periodic current pulse anodization with high 

current (HC, JHC=~8 mA cm-2) and low current (LC, JLC=0) was first adopted to fabricate the 

TiO2 PC layer on the titanium foil. The value of the HC current was so determined to achieve 

a voltage of around 60 V between the titanium anode and the platinum counter electrode with 

a separation of 2.5 cm. The number of pulses and the pulse duration determined the number of 

periods and the length of period in the PC layer, respectively, and hence the optical properties. 

The as-anodized sample was heat-treated at 290°C for 3h followed by a single constant 

current anodization (~8 mA cm-2) process to form a smooth-walled TiO2 NT layer beneath the 

PC layer. The as-grown bi-layer structure was further heat treated at 290°C for 3h. A highly 

periodic PC layer can be seen to seamlessly grown on the NT layer (Figure S1, Supporting 

Information), ensuring good connection between the two layers and easy electrolyte 

infiltration. 

Fabrication of DSSC: (1) The bi-layer membrane was detached from the Ti substrate and then 

adhered to the FTO substrate with TiO2 nanoparticles (particle size around 13 nm and total 

thickness around 2 µm) using a sol-gel method. (2) The adhered samples were annealed at 

450°C for 3h under heating and cooling rates of 1°C min-1. (3) The samples were then soaked 

in a dye-containing solvent (0.3 mM N719 in ethanol) at room temperature for 18h, followed 

by rinsing in pure ethanol for 1 minute to remove non-chemisorbed dye, before being 

assembled in solar cells, i.e., sandwiched between two electrodes (FTO electrode and Pt-

coated glass counter electrode) with a spacer layer (25 μm thickness, SX1170–25, Solaronix) 

and melted at 90°C to fix the separation. The electrolyte (DMPD:1.0M, LiI: 0.1M, 4-

TBP:0.5M, I2:0.12M, 3-methoxy propionitrile (MePN)) was infiltrated into the cells by placing 
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the electrolyte droplet in the cavity of the active area of the device before the device was 

sealed with UV epoxy. 

Characterizations: Reflectance spectra were acquired using a typical microreflectivity/ 

microtransmission system (Ocean Optics(R) USB2000 + fiber spectrometer) over a sample 

area of roughly 5×5 μm2 with magnification 100. A spectral range of 400–900 nm was 

explored using a tungsten–halogen lamp. A field emission scanning electron microscope 

(JEOL JSM-6340F and LEO1530) was used to study the microstructure. I-V characteristics 

were measured by 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 cm2. For EQE 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. 

Simulation: Finite-element full wave simulation (COMSOL Multiphysics) was employed for 

numerical calculation of reflection spectra. The photonic crystals were modeled as TiO2 

nanotubes arranged in a hexagonal lattice in the plane of titanium foil, with the axial 

geometric dimensions obtained from SEM graphs of the actual samples. 

Dye Desorption Measurement: The dye (N719) adsorbed on the TiO2 electrode was detached 

in 0.1M NaOH water solution for several days, and the absorption intensity of the dye solution 

was measured by UV-Vis spectrophotometer (UV-2550). 

 

Supporting Information 

Supporting Information is available from the Wiley Online Library or from the author. 
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Figure 1. Schematic of the cell fabrication process. (1) Formation of PC layer. (2) Further 

formation of NT layer. (3) The bi-layer was detached from the Ti substrate. (4) The detached 

bi-layer was glued to a FTO substrate through TiO2 nanoparticles. (5) Final assembly of the 

DSSC. The insets from the top to the bottom show the photographs of a typical sample in 

steps 3-5, respectively. 
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Figure 2. (a) Typical voltage–time (V-t) transient to fabricate the PC layer. Alternating LC 

(tLC=180 s) and HC (tHC=24 s) pulses were applied during the anodization. Inset: an enlarged 

V-t curve during 118-150 s. (b) Cross-section image of the fabricated PC layer. The scale bar 

measures 1 m. Inset: the PC layer transferred onto FTO substrate showing a green color. (c) 

Photographs of PC samples (in ethanol) of various colors. The axial lattice constant of the PC 

layer can be tuned by the HC pulse duration tHC to obtain PC layers of different colors. 

Longer wavelengths correspond to larger lattice constants (longer tHC). 
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Figure 3 Reflectance spectra under near normal incidence of unpolarized light. (a) 

Reflectance on samples with 20 and 40 periods (lattice constant ~150 nm). (b) Reflectance on 

samples with 10 and 20 periods (lattice constant ~190 nm). The background reflectance from 

the FTO-coated glass substrate was subtracted. The insets show photographs of the samples 

(with 20 periods) in air and infiltrated with ethanol, respectively. The green curves are 

simulated results with lattice constant 150 and 190 nm for purple and green samples.  
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Figure 4 Photocurrent-voltage curves under AM 1.5 solar light illumination. Four cells, 

namely purple1, purple 2, green, and reference were tested. The axial lattice parameters in the 

PC layer of purple and green cells are ~150 and ~190 nm, respectively. The numbers of 

periods for the PC layer of the purple and green cells are 30 and 20, respectively, and the 

corresponding HC pulse durations (tHC) are 28 and 40 s, respectively. Purple 1 and purple 2 

are similar cells with slight difference in dye loading. The reference cell is similar to the 

others except for the exclusion of the PC layer.  
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Figure 5 Normalized EQE of DSSCs with and without PC layer. A purple cell and a reference 

(Ref) one are compared. The reference cell is similar to the purple one but without the PC 

layer. Both cells have similar dye loading. (a) Back side illumination. (b) Front side 

illumination. The reflectance of the PC layer and the absorption of N719 are also shown in the 

figures for comparison.  

(a) (b) 
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Microstructure 

Figure S1 shows the cross-section image of a typical bi-layer structure on a titanium 

substrate. The PC layer can be found to seamlessly grown on top of the TiO2 NT layer, which 

allows efficient infiltration of electrolyte.  

 

Figure S1. Cross-section of bi-layer structure. Inset: an enlarged part of the interface between 

the two layers. 

 

Figure S2 shows the cross-section image of a typical bi-layer attached to the FTO 

substrate. The total length of the bi-layer structure is ~10 μm. The thickness of the 

mesoporous TiO2 nanoparticle layer is around 2 μm.  

 

Figure S2. Cross-section image of a bi-layer attached to FTO substrate. 

 

Figure S3 shows the cross-section image of the reference TiO2 NT layer (without 

PC layer 

NT layer 

Interface 

TiO2 PC 
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periodicity along the tube direction) attached to FTO substrate. The length of TiO2 NT is 

about 10 μm. 

 

Figure S3. Cross-section image of a reference electrode attached to FTO substrate. 

 

The top-view images of the bi-layer structure and a reference sample are shown in 

Fig.S4.  

          

Figure S4 Top-view of the (a) bi-layer structure and (b) the reference sample. 

 

 

Computation of Reflectance Spectra 

Figure S5 shows the computer simulations on the reflectance spectra of two PC 

samples which are green and purple in ethanol. The axial lattice constants of the green and 

10 m 

200 nm 
200 nm 

(a) (b) 
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purple samples are 190 and 150 nm, respectively. The peak reflectance of the purple sample 

locates at 500 nm and that of the green sample at 600 nm, both in agreement with 

experimental observations. The peak reflectance also increases in value with increasing 

number of periods. 
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Figure S5. Computer simulations of the reflectance spectra and the corresponding 

microstructure. (a) Green sample in ethanol. (b) Purple sample in ethanol. (c) Cross-section 

image of green sample. (d) Cross-section image of purple sample. 

 

 

EQE 

Figure S6 shows the EQE spectra of a purple sample (the one in Figure 5) without 

normalization. It can be seen clearly that under back side illumination, the EQE is greatly 

reduced due to the blocking of light waves in the photonic bandgap and the strong absorption 

of light by the electrolyte. However, an EQE peak in a longer wavelength near the photonic 

150 nm 
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190 nm 

200 nm 
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bandgap edge (600 nm) can be ascribed to the localization of red light in the TiO2 of the PC 

layer. Under front side illumination, significant increase in EQE can be observed in a much 

wider spectrum range, indicating the enhanced light absorption by the coupling of the PC 

layer. It should be noted that our EQE results were obtained in the absence of bias light. Since 

EQE is light intensity dependent,[S1] it is incorrect to deduce the photocurrent from our EQE 

results. The photocurrent should be determined by the I-V measurement. The results shown 

here are only for comparative study of the PC effect.  
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Figure S6. EQE spectra for purple sample without normalization. (a) Back side illumination. 

(b) Front side illumination. 

 

 

Mechanism: 

Figure S7 schematically illustrates the mechanism of enhanced light absorption due to 

the coupling of a PC layer to the TiO2 absorption layer. Within the photonic bandgap, photons 

are reflected back to the absorption layer for further light harvesting. Additional resonance 

modes may also be formed within the absorption layer. At the longer wavelength edge of the 

photonic bandgap, the group velocity of light decreases anomalously to zero, which results in 

the photon localization in higher refractive index material (TiO2, which is also attached to dye 

molecules) in the PC layer.[S2] This also increases the light harvesting. 

 

(b) (a) 
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Figure S7. Schematic drawing of mechanism of enhanced light absorption by coupling to a 

PC layer.  

 

 

Cell Improvement 

Figure S8 shows the photocurrent-voltage curve of an improved cell. The total 

thickness of the PC and NT layers was kept at 10 m, while the number of periods of the PC 

layer was increased to 50 (corresponding HC pulse durations tHC=28s). The power conversion 

efficiency and short circuit current were increased to 7.11% and 15.27 mA cm-2, respectively, 

as compared with those of the purple 2 sample (Figure 4). The open circuit voltage and the 

fill factor remained similar to those of the purple 2 sample.  
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Figure S8. Photocurrent-voltage curves under AM 1.5 solar light illumination.  

Photons reflected within bandgap for further absorption. 

Photon localized near the edge of photonic bandgap 

E = Electric field.  
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Mechanical Strength 

A scotch tape method was used to test the adhesion of the PC layer to the photoanode. 

As shown in Figure S9 (a), when the scotch tape was peeled off, part of the ink was 

transferred from a “T” (written by a maker before the test) on the glass substrate to the scotch 

tape. However, the PC layer was still attached to the photoanode, showing a good mechanical 

strength. The photo of a sealed solar cell is shown in Figure S9 (b).  

    

Figure S9 Photos of (a) a scotch tape test and (b) a sealed solar cell. 
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A TiO2 nanotube layer with a periodic structure was used as a photonic crystal to greatly 

enhance light harvesting in TiO2 nanotube based DSSCs. Such a tube-on-tube structure 

fabricated by a single-step approach facilitates good physical contact, easy electrolyte 

infiltration and efficient charge transport. An increase of over 50% in power conversion 

efficiency was obtained when compared with reference cells without a photonic crystal layer 

(under similar total thickness and dye loading). 
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