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A B S T R A C T   

Photonic crystals have been widely used in solar cells in recent years because of their unique optical properties 
such as photonic band gap and “slow photon” effect. The introduction of photonic crystals can adjust the 
propagation and distribution of photons in solar cells. Therefore, a full understanding of the optical properties of 
photonic crystals and the correct use of photonic crystals are the key to improve the photoelectric conversion 
efficiency. At present, photonic crystal structures are widely used in dye sensitized solar cell (DSSC) and quantum 
dots sensitized solar cell (QDSSC), but relatively few in the field of perovskite solar cell (PSC). In this paper, the 
applications of different types of photonic crystals in silicon solar cells and sensitized solar cells are summarized, 
and the possible problems are analyzed and commented. It is pointed out that although photonic crystals have 
many excellent optical control properties, it is difficult to meet the thickness requirements of PSC due to the 
limitations of preparation technology and structure of photonic crystals. At present, the photoelectric conversion 
efficiency of photonic crystal PSC is generally low. Therefore, develop new technology for preparing the large 
area and high quality ultra-thin photonic crystals, make a profound study of photonic crystal light control 
mechanism, design new structures, and explore new functions of photonic crystals will become the future 
development direction of photonic crystal solar cells.   

1. Introduction 

At present, the rapid development of economy leads to the rapid 
exponential growth of global consumption of fossil energy every year. 
Meanwhile, the dependence of economic development on energy also 
keeps increasing, and the phenomenon of energy shortage is increas
ingly prominent worldwide [1,6]. At present, people’s energy con
sumption mainly depends on non-renewable fossil fuels such as coal, oil 
and natural gas. These fossil fuels are not only limited in supply, but also 
will inevitably cause serious environmental pollution in the process of 
exploitation and use. With the development and progress of society, due 
to the large use of conventional energy, especially fossil fuels, human 
living environment will continue to deteriorate, which will seriously 
affect human health. At the same time, the high-speed consumption of 
fossil fuels will one day run out. If there is no real alternative to fossil 
energy when fossil energy is exhausted, it will seriously hinder the 
sustainable development of the global economy and even seriously 
affect people’s normal life. In order to alleviate the deteriorating envi
ronmental problems and energy crisis, protect the environment and 
reduce pollution, countries have focused on clean and renewable energy 

sources such as solar energy and wind energy, and are scrambling to find 
alternatives for fossil energy [2,6]. 

Among all the renewable energy sources concerned at present, solar 
energy, with its inexhaustible, inexhaustible, pollution-free, easily 
accessible and abundant sources, has been recognized as an extremely 
important way to solve the current energy crisis [3–6], and has attracted 
more and more researchers’ attention. Solar energy can provide per
manent clean energy for human beings, but solar energy can’t be 
directly used. The most common form of conversion of solar energy is to 
convert solar energy into electric energy. At the same time, zero pollu
tion and zero emissions in the process of converting solar energy into 
electric energy avoid the generation of harmful gases such as sulfur di
oxide and carbon dioxide when using fossil fuels, thereby reducing 
environmental pollution and protecting the environment [5,6]. There
fore, the widespread use of solar cells can effectively solve the two major 
social problems that need to be solved urgently, namely, energy and 
environment. 

Photonic crystal is a new concept put forward in 1980s [7]. Similar to 
potential modulation in semiconductors, photonic crystals can 
regulate the propagation and emission of photons, also known as 
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photo-semiconductors [7]. The era of optical information has created 
new opportunities for the development of photonics technology. It has 
been praised as “the ten most important scientific advances” in the world 
by Science magazine for two consecutive years, and is predicted to be 
one of the six research hotspots in the future. Improving the perfor
mance of solar cells with photonic crystals has also attracted wide 
attention [7,8]. 

2. Photonic crystal 

Photonic crystals are microstructures formed by periodic arrange
ment of two or more dielectric materials with different dielectric con
stants in space [6]. When light propagates through a photonic crystal, 
the photons are also modulated by the structure in which the dielectric 
constants of the photonic crystals are periodically arranged. Bragg 
scattering occurs when light propagates in photonic crystals, resulting in 
band structure of photonic crystals. The band gap between two adjacent 
photonic band structures is called photonic bandgap (PBG) [6,9,10]. The 
characteristic of photonic bandgap is that photons in a certain direction 
can be prohibited from propagating in photonic crystals at a certain 
frequency or wavelength range [6,10]. The photonic forbidden band is 
usually divided into two kinds: the complete photonic forbidden band 
and the incomplete photonic forbidden band. Complete photonic band 
gap is an omni-directional photonic band gap, i.e. the propagation or 
polarization of photons in a specific frequency or wavelength range are 
prohibited in all directions of photonic crystals. Similarly, incomplete 
photonic band gap means that there exists photonic band gap only in a 
specific direction [11,12]. The photonic band gap of photonic crystals 
can be changed by changing the lattice parameters of photonic crystals 
and the dielectric constant of dielectric materials. 

There are many similarities between the physical properties of 
photonic crystals and ordinary semiconductor crystals [6]. In semi
conductor physics, there are many common concepts and methods to 
study semiconductor crystals, such as Brillouin region, dispersion rela
tion, and Bloch wave, which can be used to study the optical properties 
of photonic crystals [6]. However, there are differences between the two 
kinds of crystals. The studies on semiconductor crystals focus on elec
trons. Electrons are fermions, and the propagation of electrons in 
semiconductor crystals must satisfy the Schrodinger equation. while the 
research object of photonic crystals is photons. Photons are bosons, and 
photons propagate in photonic crystals must satisfy Maxwell’s equation 
[6]. Photonic crystals can be divided into one-dimensional, two-di
mensional and three-dimensional photonic crystals according to 
different spatial periodic arrangements of materials with different 
dielectric constants [13,14] (Fig. 1). 

One-dimensional photonic crystals are photonic crystals whose 
dielectric constants are periodically arranged in only one direction [6]. 
Generally, it consists of two or more dielectrics with different dielectric 
constants superimposed in one direction, and only a photonic band gap 
exists in the direction in which the thin layers of semiconductor material 
are stacked [6]. One-dimensional photonic crystals are simple in 

structure, low in preparation cost and high in optical accuracy, which 
makes them easier to produce and prepare [6,15]. Two-dimensional 
photonic crystals are photonic crystal materials with different dielec
tric constants arranged periodically in two directions, that is, they can 
restrict the propagation of photons in the photonic crystals in two di
rections [6]. Similarly, three-dimensional photonic crystals refer to 
crystal structures periodically arranged in three-dimensional space by 
dielectric materials with different dielectric constants, the photonic 
band gap can be formed in all directions to limit the propagation of 
photons [6]. The superior optical properties of three-dimensional pho
tonic crystals make them have a broader application prospect compared 
with the first two kinds of photonic crystals. However, the structure of 
three-dimensional photonic crystals is too complex, which requires high 
fabrication technology and is not easy to be prepared [6]. 

In order to study the optical properties of photonic crystals with 
different structures, researchers have proposed many theoretical calcu
lation methods for photonic crystals in recent years [6]. The more 
widely used methods for calculating photonic crystals are plane wave 
expansion [16], transmission matrix [17,18], finite-difference time-
domain method [19], and scattering matrix method [20]. In terms of 
applications, the superior optical properties of photonic crystals make it 
applicable to more fields, such as high-performance mirrors, 
super-prismsand other optical devices, as well as photonic crystal fibers, 
photonic crystal waveguides, photonic crystal filters, etc. [19]. 

One-dimensional photonic crystals can be prepared by a variety of 
mature coating processes. The preparation processes of two- and three- 
dimensional photonic crystals are discussed emphatically. 

The preparation process of two-dimensional photonic crystal. 
Photonic crystals in microwave region can be prepared by means of 
dielectric strip stacking. However, it is difficult to prepare a photonic 
crystal in the visible light region or the infrared light region by this 
method. Since the behavior of photons in a photonic crystal is similar to 
the behavior of electrons in a semiconductor crystal, the advanced 
nanofabrication technology can be used to prepare photonic crystals in 
the visible region and the infrared region by referring to the mature 
semiconductor machining process. Such as electron beam etching, 
reactive ion beam etching and laser etching [21]. Wendt et al. [22] 
fabricated two-dimensional AlGaAs thin film photonic crystals on GaAs 
substrates by electron beam direct writing and reactive ion beam 
etching. The principle of this method is to define two-dimensional 
photonic crystal structure pattern on the electronic glue by the single 
point exposure technique written directly by the electron beam, then 
two-dimensional photonic crystal patterns are obtained by development 
technique, finally, the pattern is then transferred to the AlGaAs film by 
the reactive ion beam etching method. It was subsequently developed as 
the combination technology of multi-point exposure and reactive ion 
beam etching. Krauss et al. [23] used this technique to fabricate 
GaAs-based photonic crystals. The time required to use single point 
exposure is about 1/10 of that of multi-point exposure, but it does not 
allow for exposure correction. Fnglund et al. [24] fabricated photonic 
crystal microcavities using the similar method in 2007. Chelnokov et al. 

Fig. 1. The schematic diagram of 1D, 2D and 3D photonic crystals http://kns.cnki.net/KXReader/Detail/GetImg?filename¼images/HXXB201801001_53800. 
jpg&uid¼WEEvREcwSlJHSldRa1FhdkJkVWI3b1ZxVHNkWDJaWU0rUDE2L1c3ZnlKTT0¼$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!! 
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[25] used electrochemical methods to etch anodized aluminum to obtain 
two-dimensional photonic crystals with large aspect ratio periodic mi
cropores. In addition to etching anodic alumina, two-dimensional pho
tonic crystals can also be prepared by liquid etching method, but only 
two-dimensional photonic crystals with larger aperture can be pre
pared by liquid etching method. At present, important progress has been 
made in the preparation of two-dimensional photonic crystals, but still 
faces many key challenges, such as the control of the two-dimensional 
photonic crystal preparation error and the improvement of precision 
required for practical application of photonic crystals. 

Because thin-film crystalline silicon (c-Si) solar cells have light- 
trapping structures, light absorption within the semiconductor absorp
tion layer can be enhanced, and material usage be reduced. Anastassios 
Mavrokefalos et al. [90] demonstrate that light absorption within the 
c-Si layer can be significantly enhanced through inverting a nano
pyramid light-trapping scheme for c-Si thin films. The films are fabri
cated at wafer scale via a low-cost wet etching process. It is proved that a 
broadband enhancement in absorptance that approaches the Yablono
vitch limit is achieved with minimal angle dependence. The results show 
that the achievable absorptivity of c-Si films with thicknesses less than 
10 μm is comparable to that of planar c-Si wafers with thicknesses 
greater than 300 μm, which is equivalent to an over 30-fold reduction in 
material usage. These structures can not only significantly reduce the 
material and processing costs of solar cells, but also provide the high 
efficiency needed to enable viable c-Si thin film solar cells in the future. 

Matthew S. Branham et al. [91] designed a 10-micron-thick crys
talline silicon photovoltaic cell with a peak efficiency of 15.7%. The 
designed two-dimensional inverted nanopyramid surface texture and 
rear metallic reflector light-trapping structure are the main features of 
the cell. It has been proven to have excellent anti-reflection and 
long-wavelength absorption capabilities. The cell is found to provide 
near lambert absorption in the 500–1100 nm spectrum, and the peak 
short-circuit current measured is 34.5 mA cm� 2, which indicates sub
stantial improvement over the previous equipment in this thickness 
range. The designed cell structure is shown in Fig. 2. The surface of the 
cell is patterned with a two-dimensional photonic crystal of inverted 
pyramids on a 700 nm pitch. 

Sayak Bhattacharya et al. [92] demonstrate that thin-crystalline sil
icon (c-Si) solar cells can achieve above 29% power conversion effi
ciencies based on the efficacy of wave-interference-based light trapping 
and carrier transport in parabolic-pore photonic-crystal. In addition, 
Sayak Bhattacharya et al. [93] demonstrate a geometry of a simple 
photonic crystal solar cell that enables the power conversion efficiency 
of a single junction c-Si solar cell to exceed the previous theoretical 
limits. The geometry of the designed thin-c-Si inverted pyramid-PhC 
solar cell is shown in Fig. 3. 

Ping Kuang et al. [94] proposed and demonstrated a unique teepee 
like PC design with broadband, wide-angle near-unity solar energy ab
sorption. The design is based on Gaussian-type gradient-index interface 
profile and near-orthogonal parallel-to-interface negative refraction. 
Fig. 4 shows the schematic representation of the teepee-like PC struc
ture. The PC structure similar to teepee is realized by a unique but simple 
photolithography composition and RIE dry etching process. The process 
is repeatable and compatible with IC technology and can be used for 
large area, high throughput wafer-scale manufacturing. 

The preparation process of three-dimensional photonic crystals. 
Three-dimensional photonic crystals with full band gaps are extremely 
difficult to prepare. Up to now, three-dimensional photonic crystal 
fabrication technology can be roughly divided into the following cate
gories: dipping pen nanolithography, self-assembly of colloidal micro
spheres, multi-beam coherence, phase grating, grazing angle deposition 
technology, and combination of electron beam and reactive ion beam 
[21]. Jiang et al. [26] used surface tension of liquid to prepare 
face-centered cubic photonic crystals. The steps are as follows: insert the 
wave plate vertically into the colloidal solution to control the temper
ature and humidity of the solution. With the evaporation of the solvent 
in the colloidal suspension solution, the surface of the wave plate will 
naturally form face-centered cubic photonic crystals arranged periodi
cally along the direction (111). The disadvantage of this method is that it 
may cause surface defects when subjected to external perturbations 
[21]. Subsequently, Blaaderan et al. [27] proposed a template method 
for preparing colloidal face-centered cubic photonic crystals with (100) 
crystal orientation. A photonic crystal composed of microspheres does 
not have a complete photonic band gap, and a complete photonic band 
gap can only be obtained when the refractive index of the inverse 
structure formed by inversion into an air ball is greater than 2.9 [21]. 
This inversion method is also called inverse opal method. 

Commonly used inversion methods are chemical vapor deposition 
and atomic layer deposition. Three-dimensional photonic crystals with a 
complete photonic band gap in the near-infrared region have been 
produced by this method [24], but three-dimensional photonic crystals 
having a complete photonic band gap in the visible region have not yet 
been obtained. The introduction of different defects in a photonic crystal 
allows it to have different applications, such as introducing a line defect 
to make it an optical waveguide. Two-photon etching can be adopted to 
introduce defects in photonic crystals [21]. Three-dimensional photonic 
crystals with specific defects can be fabricated by combining electron 
beam direct writing, reactive ion beam etching, chemical vapor depo
sition, surface polishing and wet etching [26]. But this method is 
expensive and cumbersome, and once a step shows any defects, the 
whole process needs to be restarted [28]. 

In recent years, multi-beam coherent holography has also been 

Fig. 2. Structure of the 10-micron-thick crystalline silicon photovoltaic cell with a peak efficiency of 15.7%. (For interpretation of the references to color in this 
figure legend, the reader is referred to the Web version of this article.) 
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developed. Different lattices can be obtained by adjusting the phase and 
polarization of the beams, and almost all lattice types can be obtained, 
but the adjustment of multiple beams is very inconvenient [21]. The 
principle of dipping pen nanolithography is that high concentration of 
polymer electrolyte ink is controlled by computer and dripped into a 
storage tank through a capillary glass tube, the ink solidifies rapidly and 
then three-dimensional periodic microstructures with different struc
tures and functions are etched directly onto the condensate. Large-size 
three-dimensional photonic crystals can be prepared using multi-beam 
coherence, but due to the limitations of the beam used, only photonic 
crystals with complete photonic band gaps in the near-infrared region 
have been produced so far. Hree dimensional photonic crystals in visible 
region are an important application field. By innovating and improving 
the preparation methods of three-dimensional photonic crystals, the 
fabrication of full photonic bandgap three-dimensional photonic crystals 
in the visible region will bring significant breakthroughs in this field 
[21]. 

Photonic Band-Gap (PBG) is the basic characteristic of photonic 
crystals. According to the Fermi’s golden rule, the photons whose energy 
is consistent with the Photonic Band-Gap will be inhibited in their 
propagation and emission in the Photon Band-Gap. When the defect 
state is introduced into the photonic crystal, the photon state density at 
the defect state increases significantly, and spontaneous emission can be 
enhanced at the defect state position. In addition, in photonic crystals 
with defect states, photons are localized at the defect location, i.e. the 
optical localization characteristics of photonic crystals. Using this 
characteristics of photonic crystals, optical microcavities with high 

enhancement factor [6] and optical waveguides without loss can be 
fabricated [6]. At the edge of the band gap of the photonic crystal, the 
group velocity of photons approaches zero, which can form a standing 
wave and produce “slow photon” effect. Using this effect, the interaction 
between photons and matter can be enhanced [29]. It can be seen from 
Fig. 5 that the photons at the “red band edge” of the photonic crystal 
band gap are mainly concentrated at the high refractive index of the 
material, while the photons at the “blue band edge” are mainly 
concentrated at the low refractive index of the material [30]. Therefore, 
by regulating the distribution of functional materials in photonic crys
tals, photons can be efficiently utilized [6]. 

Photonic band gap and slow photon effect of photonic crystals can 
effectively enhance the efficiency of optical enrichment. Therefore, the 
photonic crystal structure can be introduced into the solar cell, and the 
optical properties of the photonic crystal can be used to improve the 
photoelectric conversion efficiency of the solar cell [6]. This method has 
received wide attention from scientists. The introduction of photonic 
crystals can improve the performance of solar cells in five aspects. First, 
photonic crystals are constructed as back mirrors, which can reduce the 
loss of light and increase the absorptivity [31]. Secondly, the “slow 
photon” effect of photonic crystals can improve the interaction between 
photons and sensitizers and enhance the excitation efficiency [6]. Third, 
photonic crystals can be used as scattering layers to increase the path of 
light propagating through matter. At the same time, resonance 
enhancement mode was formed in the absorption layer to improve the 
absorption efficiency [32], Fourth, photonic crystals have large specific 
surface areas, especially three-dimensional photonic crystals, which can 
provide excellent carriers for sensitizers. It can effectively increase the 
amount and activity of sensitized molecules and improve the photo
electric conversion efficiency of the cell. Fifth, Since the photonic band 
gap and slow photon effect of photonic crystal can effectively enhance 
the light enrichment efficiency of the material, the introduction of 
photonic crystal can reduce the dependence of the efficiency of solar cell 
(especially for dye sensitized solar cell (DSSC)) on the incident angle of 
sunlight [6]. 

3. Application of photonic crystals in solar cells 

3.1. Application of photonic crystals in silicon solar cells 

Shen Hongjun et al. [33] designed a thin film solar cell. The struc
tural model is shown in Fig. 6. From top to bottom, anti-reflection layer, 
refractive index gradient medium layer, active layer and back reflection 
layer are sequentially arranged. The anti-reflection layer is a photonic 
crystal with a dielectric cylinder as a light cone structure, and Si3N4 is 
filled on SiO2 as a substrate. The gradient refractive index dielectric 
layers are ITO and TiO2, respectively, which can effectively reduce the 

Fig. 3. The geometry of the designed thin-c-Si inverted pyramid-PhC solar cell.  

Fig. 4. Schematic representation of the teepee-like PC structure.  
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reflection of incident light; The active layer is the light absorbing layer, 
the material is a-Si; the back reflection layer is composed of a ZnO 
quadrangular pyramid subwavelength grating and an Ag substrate. 

The refractive index of Si3N4 is 2. The refractive index of ITO is 1.9, 
The refractive index of SiO2 satisfies Cauchy model [33]:nSiO2 ðλÞ ¼
AþB =λ2 þ C =λ4, where A ¼ 1.491, B ¼ 0.00686, C ¼ 0.0007648. 

The refractive index of SiO2 the formula [33]:nTiO2 ðλÞ ¼ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

5:913þ 0:2441λ2

λ2 � 0:0803

q

The refractive index of ZnO satisfies formula [222]: 

nZnOðλÞ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

2:81418þ
0:87968λ2

λ2 ¼ 0:30422
� 0:00711λ2

s

The following results were obtained using the RCWA method: when 
the structure angle of the light cone θ ¼ 72�, lattice constant 
T1 ¼ 1200 nm and medium base radius r ¼ 100 nm, the anti-reflection 
layer transmission efficiency is relatively high, and the structure im
proves the average absorption efficiency of the thin-film solar cell in the 
wavelength range of 300–600 nm by 11.54%. When the period of the 
quadrangular pyramid grating L ¼ 1.2 μm, the duty ratio f ¼ 0.38, and 
the groove depth h5 ¼ 560 nm, the reflection effect of the back reflection 
layer is better. The average absorption efficiency of the cell increased by 
3.75% in the wavelength range of 600–850 nm. Moreover, the absorp
tion efficiency of the thin-film cell structure is above 80% when the 

wavelength is 300–750 nm and the incidence Angle is 0�~75�, and the 
average absorption efficiency is 92%. Compared with thin film solar 
cells without trapping structure, the designed solar cell structure en
hances light absorption in the visible wavelength range and wide angle 
[33]. 

Crystal silicon (c-Si) has weak absorption in the near infrared region 
[6]. 36.2% of solar energy cannot be absorbed because it is higher than 
the indirect band gap of crystalline silicon [22]. In contrast to this 
sentence, if the photon energy is higher than the bandgap, it should be 
absorbed. In order to improve the photo enrichment efficiency of crys
talline silicon solar cells, photo-enrichment structures are usually 
introduced into crystalline silicon solar cells. There are two main types 
of optical structures commonly used at present: geometric optics and 
grating/photonic crystal optical structures based on wave optics [6]. 
The traditional geometrical optical enrichment method improves the 
efficiency of photon capture by increasing the path of incident light in 
the cell. By etching, scattering patterns can be formed on the surface of 
silicon cells and a reflective coating can be deposited. This can effec
tively reduce the reflection of light and increase the scattering of light. In 
addition, a metal mirror on the back of the silicon cell can reflect pro
jected light back into the cell. Through the synergistic effect of reducing 
reflection, scattering and suppressing transmission, the path of incident 
light can be greatly increased, so that the efficiency of light enrichment 
is improved [6]. 

However, there are many limitations in the optical enrichment 
methods of geometric optical structures. For example, the actual surface 
scattering ripple—Lambertian fraction is usually less than 55% [6], the 
filling factor of silicon cell with scattering pattern is 6.7% lower than 
that of traditional silicon cell [6], and the reflectivity of the metal mirror 
on the back is about 90% [34]. Therefore, in order to further improve the 
absorption of solar energy by silicon cells, a light enrichment structure 
based on wave optics has been introduced. 

There are three main types of optical enrichment methods based on 
wave optics. The first is coupling light to the inside of the cell by reso
nant modes formed by surface plasmas in a specific wavelength range. 
The second is the formation of gratings inside the cell to increase the 
effective path of light through the diffraction of the gratings. The first 
gratings used are metal gratings, which can enhance the absorption of 
light energy by the cell, but do not contribute much to the efficiency of 
the photovoltaic conversion of the cell [6]. Then the dielectric grating 
with planar metal mirror is used to improve the overall efficiency of the 
cell significantly [6,35]. In order to reduce the energy loss caused by 
metal back reflector, one-dimensional photonic crystal (DBR) is used in 
combination with grating [36–38]. The third is to use the “slow photon” 
effect of photonic crystals to enhance the absorption of photosensitized 

Fig. 5. (a~b) A schematic diagram of a photonic crystal “slow pho-ton” Effect [29], (c) Illustration of the effect of standing wave localization on dye 
absorbance [30] http://kns.cnki.net/KXReader/Detail/GetImg?filename¼images/HXXB201801001_54100.jpg&uid¼WEEvREcwSlJHSldRa1FhdkJkVWI3b 
1ZxVHNkWDJaWU0rUDE2L1c3ZnlKTT0¼$9A4hF_YAuvQ5obgVAqNKPCYcEjKensW4ggI8Fm4gTkoUKaID8j8gFw!! 

Fig. 6. Structural model of thin-film solar cells.  
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solar cells [6,38]. 
Several different photonic crystal photo enrichment structures based 

on the principle of wave optics have been designed by Bermel P. et al. 
[31]. It is found that the absorption efficiency of crystal silicon in the 
near infrared wavelength range of 700–1100 nm can be greatly 
improved by the introduction of photonic crystals. They have prepared 
SiO2/c-Si one-dimensional photonic crystals by plasma enhanced 
chemical vapor deposition (PECVD). They have designed four types of 
light-enriched structures using three types of photonic crystal structures. 
The first is to combine six periods of one-dimensional photonic crystal 
(DBR) with one-dimensional grating to form a “DBR-1D grating” struc
ture. The second is to combine six periods of one-dimensional photonic 
crystal (DBR) with two-dimensional grating to form a “DBR-2D grating” 
structure. The third is to replace the “DBR-grating” structure with six 
periodic two-dimensional photonic crystals. The fourth is the formation 
of 3D opal photonic crystals with face-centered cubic (FCC) lattice 
structure in c-Si. The overall efficiency of the crystal silicon solar cells 
corresponding to these four types of structures are 15.41%, 16.32%, 
15.70%, and 15.73%, respectively [6]. 

The reflection and diffraction of the “DBR-grating” photo- 
enrichment structures and photonic crystal photo-enrichment struc
tures have contributed greatly to the improvement of the efficiency of 
the cell [6]. In addition, the depth of scattering fringes is generally 5 μ m, 
and photonic crystals can be made up of several layers of materials about 
300 nm thick, therefore, the introduction of photonic crystals is more 
conducive to reducing the thickness of the cells. Compared with ordi
nary silicon solar cells, photonic crystal silicon solar cells have more 
obvious light enrichment effect when using the same material. There
fore, the introduction of visible light crystals is more conducive to 
improving the efficiency of crystalline silicon solar cells [6]. 

3.2. One-dimensional photonic crystal sensitized solar cells 

A one-dimensional photonic crystal is formed by periodically stack
ing two dielectric layers having different dielectric constants. Its char
acteristic is that it can produce one-dimensional photonic band gap [39]. 
Light with energy in the forbidden band cannot propagate, so that light 
is well reflected on the surface of a one-dimensional photonic crystal 
[40], therefore, it is very suitable for use as a back reflector for solar 
cells. Conventional silverback reflectors have high reflection efficiency, 
but because of their high cost, solar cell reflectors often use aluminum as 
a substitute for silver in mass production. However, due to the poor light 
trapping effect of aluminum, the overall efficiency of the solar cell is not 
high, and it is necessary to select a more suitable substitute for the 
reflector material of the solar cell [39]. 

The introduction of one-dimensional photonic crystals can enhance 
the charge transport performance, reduce the recombination rate of 
electron-hole pairs, and improve the transparency of the devices 
[41–43]. Since the arrangement of one-dimensional photonic crystals 
can be easily optimized, this one-dimensional design can be theoreti
cally rigorously calculated to draw conclusions. 

Migu�ez et al. [6] alternately spin-coated TiO2 and SiO2 nanoparticles 
to form one-dimensional TiO2/SiO2 photonic crystals. The thickness of 
the coating can be changed by adjusting the concentration and rota
tional speed of the precursor solution, thus the one-dimensional 
TiO2/SiO2 photonic crystals with different band gaps is constructed. 
First, the one-dimensional photonic crystal of TiO2/SiO2 with a thick
ness of 500 nm is combined with the layer of NC-TiO2 with a thickness of 
7.5 μm. Then the photoelectric conversion efficiency of the 
dye-sensitized cell can reach 4.6% by using the “slow photon” effect of 
photonic crystal and the resonator formed by a photonic crystal and 
NC-TiO2 layer [41]. Next, the flexible one-dimensional TiO2/SiO2 pho
tonic crystal thin film is permeated into the gap. The thin film can be 
stripped from the substrate without damaging its optical properties [6]. 
However, the insulation of SiO2 nanospheres is not conducive to charge 
transmission. In the same year, the team abandoned the SiO2 coating. 

They controlled the porosity of adjacent layers of TiO2 by adjusting the 
spin-coating rate, the concentration of the precursor solution and the 
size of TiO2 nanoparticles. Then, they obtained TiO2 coating with two 
effective refractive index and forming one-dimensional photonic crys
tals of TiO2. Next, the photoelectric conversion efficiency of the cell was 
increased by 45% by increasing the porosity [6] or the period of the 
one-dimensional photonic crystal [43]. However, because the pores in 
one-dimensional photonic crystal and nanocrystalline layer are too 
dense, the dye and liquid electrolyte cannot be permeated completely, 
which greatly restricts the photoelectric conversion efficiency of the cell. 

Lu Xiaodong et al. [44] designed an ultrathin silicon solar structure 
based on one-dimensional photonic crystals (Fig. 7). They optimized the 
theoretical calculation of the trapped structure of ultra-thin crystalline 
silicon cells with a thickness of 12 mm using the finite-difference fre
quency domain method. The results show that the average optical ab
sorption efficiency of this kind of thick cell can be increased by more 
than 2 times compared with the bare silicon wafer by using 
anti-reflection film, silver back reflector and photonic crystal surface 
texture structure, and the maximum optical current density can reach 
more than 33 mA/cm2, but the angular tolerance of this design needs to 
be further improved [39]. 

In order to more realistically describe the performance of photonic 
crystals in solar cells, such structures should be fabricated after the 
optimization calculation is completed, and verified in actual tests [39]. 
Chen Peizhuo et al. [45] designed and fabricated a one-dimensional 
photonic crystal model with alternating arrangement of α-Si and SiOx 
(Fig. 8). They used the finite-difference time-domain method to select 
the appropriate band gap range of one-dimensional photonic crystals 
alternately arranged by α-Si and SiOx, and pointed out that the band gap 
width reached the maximum when the thickness ratio of α-Si and SiOx 
was between 1/2 and 2/3. Based on the simulation results, they fabri
cated a series of one-dimensional photonic crystal solar cell reflectors 
that consist of α-Si layers with thickness from 25 to 60 nm by chemical 
vapor deposition (CVD). The experimental results show that in the 
wavelength range of 500–750 nm and 650–1100 nm, the optical 
reflectance reaches 96.4% and 99% respectively, and the efficiency of 
the fabricated solar cell reaches 15.2%. 

Shen Hongjun et al. [46] designed an α-Si structure containing a 
photonic crystal anti-reflection layer and a quad-pyramid back-
reflection layer. The results show that the absorption efficiency of the 
membrane cell structure is above 80% and the average absorption effi
ciency is 92% when the wavelength is 300–750 nm and the incidence 
angle is 0–75�. Compared with thin-film solar cells without trapping 
structure, the designed solar cell structure enhances light absorption in 
the visible wavelength range and wide angle. The above two structural 
advantages are simple in structure, easy to optimize calculations, and 
easy to manufacture. However, due to the photonic crystal is produced 
by chemical vapor deposition, the film thickness and composition uni
formity are good, the film structure is dense, and pinholes are small, 
which leads to a reduction in effective optical path [39]. 

Fig. 7. Schematic diagram of ultra-thin crystalline silicon cell structure.  
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Song et al. [47] used ITO (Indium Tin Oxide) and ATO (Anti
mony-doped tin oxide) to form one-dimensional photonic crystals. They 

replaced the ITO layer between the photonic crystal and the silver 
electrode with an organic layer of P3HT: PCBM (Poly-3-hexylthiophene 
phenyl-C61-butyl) about 40 nm thick to form PC-OSC (organic solar 
cells). As shown in Fig. 9a. In this way, the optical Tamm state (OTS) can 
be produced between the organic layer and the silver electrode. 
Different from surface plasmas, OTS can be directly excited by TE or TM 
polarized light in air [6]. Compared with the conventional planar 
organic solar cell (Fig. 9b), the introduction of OTS can increase the light 
absorption of the cell by 35% (Fig. 9e) in the full spectrum range. In 
addition, it can enhance the incident light of TE and TM polarized states, 
and the maximum intensity of TM polarized light is achieved at the 
metal/organic interface (Fig. 9d). 

Many researchers have combined the photonic crystal structure with 
the grating structure to make up for the lack of structural properties of a 
single photonic crystal. The design of this structure is usually applied to 
solar cells with multiple junctions. The James G. Mutit’s team designed a 
multi-junction solar cell [39,48]. Fig. 10 shows a partial structure of the 
multi-junction solar cell, the uppermost is an anti-reflection layer. It is 
made up of Si3N4 embedded in upper and lower layer of SiO2, the pur
pose is for passivation. Below the anti-reflection layer is a SiO2-and-Si 
grating structure. The short-wave reflection layer is a connection 
structure of a one-dimensional photonic crystal composed of Si and SiO2 
and a triangular grating. The lowest layer is a one-dimensional photonic 
crystal long wave absorption reflection layer composed of Si and SiO2. 
The grating structure is made by electron beam lithography. The bottom 
photonic crystal structure is prepared by plasma enhanced chemical 
vapor deposition. The absorption rate of the solar cell reaches 77% at 
400–1100 nm, the short-circuit current reaches 30.25 mA/cm2, the 
enhancement factor at the edge of the band (867–1100 nm) reaches 4.6, 
and the transmission efficiency reaches 41% at 1100–1800 nm. 

Fig. 8. One-dimensional photonic crystal model with alternating arrangement 
of α-Si and SiOx. 

Fig. 9. Optical Tamm mode enhances the light absorption of organic solar cells [41].  
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In recent years, the emergence of perovskite solar cell (PSC) has 
made rapid development in the field of solar cells [6]. Perovskite has the 
advantages of a high absorption coefficient, wide absorption spectrum, 
tunable band, and long exciton diffusion distance. It is beneficial to 
improve the photoelectric conversion efficiency of the device and reduce 
the preparation cost [49–55]. The structure of PSC is mainly divided into 
a perovskite-sensitized mesoporous structure, planar heterostructure 
and inverted structure [56]. Despite the high conversion efficiency of 
PSC, PSC has a limited variety of colors and lacks green and blue [6]. 
Therefore, in order to broaden the color gamut of PSC, it is usually used 
to adjust the composition of the perovskite crystal or the structural color 
of the photonic crystal. Physical colour, also known as structural color, is 
a gloss caused by the wavelength of light. 

Snaith et al. [57] introduced TiO2/SiO2 one-dimensional photonic 
crystals as active layers into PSC. Under the condition of keeping high 
reflectivity, the microstructure of TiO2 and SiO2 layers are optimized to 
reduce the thickness of the PC layer. On the other hand, they used 
photonic crystal structure color to realize multicolor non-transparent 
PSCs with blue, blue-green and green hues. At the same time, the pho
tonic crystal can reflect the incident light at a specific frequency and 
reduce the thermal gain in PSC, which is beneficial to enhance the 
conversion efficiency of practical applications [6]. Therefore, the 
introduction of PC allows PSC to have more functions to expand its 
application range. 

Zheng’s group [58] designed a multi-junction solar cell structure. 
The structure is a combination of a grating and a one-dimensional 
photonic crystal composed of crystalline silicon and silicon dioxide. It 
uses gratings to increase its effective optical path. The design of this 
structure has been perfected. Modifications based on this are limited 
only to the choice of materials and the optimization of the thickness of 
some structures [39]. 

Ahmad et al. [59] used angular physical deposition (PVD-OAD) to 
accurately control the growth of nanorods. They prepared three kinds of 
one-dimensional photonic crystals that could be used as PSC photoanode 
by controlling the tilt angle of PVD-OAD, the thickness of monolayer 
films and using different metal oxides. They obtained PSC with PCE of 
10.94%, 6.39%, and 12.03% respectively. 

Polymer solar cells, as an important category of the next generation 
of new thin-film solar cells currently studied, have attracted wide 
attention in recent years, and their energy conversion efficiency has 
reached more than 13% [61]. Luo Guoping et al. [60] systematically 
designed a one-dimensional photonic crystal with different Bragg 
reflection wavelength and applied it to translucent polymer solar cells. 
The bulk heterojunction active layer of the translucent polymer solar 
cell is PTB7-Th:PC71BM (90 nm). Fig. 11 (a) shows the chemical 
structural formula of PTBT-Th and PC71BM. PTB7-Th is a narrow 
bandgap donor material first reported in 2013. Its chemical structure is 
shown in Fig. 11 (a). Its band gap is 1.58 eV, and its main absorption 
region is 500–785 nm [62]. The translucent polymer solar cell has an 
inverted structure as shown in Fig. 11 (b). Glass/ITO is used as the 
bottom electrode, ultra-thin Ag (10 nm) is the transparent top electrode, 
PFN (10 nm) is the electron transport layer, and MoO3 (10 nm) is the 
hole transport layer. The MgF2 (10 nm) coated on Ag is the optical 
matching layer. MoO3 and MgF2 are used as high refractive index layer 
and low refractive index layer respectively in 1D PCS. The optical 
simulation results show that the optical band gap effect of the 
one-dimensional photonic crystal can improve the light absorption ef
ficiency of the translucent device and maintain a certain transparency; 
semi-transparent devices using one-dimensional photonic crystals have 
higher short-circuit current density and average visible light trans
mittance over 20%; by changing the Bragg wavelength of 
one-dimensional photonic crystals, translucent devices with blue, red 
and blue-green transmission colors can be fabricated, this provides an 
idea for the application of translucent polymer solar cells in photovoltaic 
building integration [60]. 

3.3. Two-dimensional photonic crystal sensitized solar cells 

The fabrication of two-dimensional photonic crystals is more 
complicated than that of one-dimensional photonic crystals [39]. The 
lattice size of photonic crystals is similar to the wavelength of light, so 
the longer the wavelength of light at the center of the forbidden band is, 
the easier the photonic crystal are to be manufactured. At present, the 
fabrication techniques for two-dimensional photonic crystals are as 

Fig. 10. (a). The cross section view of the second solar cell design with an inset SEM image of the fabricated grating and another showing an expanded view of the 
grating, the grating widths are indicated and the values are W1 ¼ 104 nm, W2 ¼ 312 nm, W3 ¼ 416 nm. 

W. Liu et al.                                                                                                                                                                                                                                      



Renewable and Sustainable Energy Reviews 116 (2019) 109436

9

follows: Dielectric strip deposition, electron beam ion beam etching, and 
the method of electrochemical etching anodized aluminum oxide, etc. 
For the microwave band, it can be fabricated by mechanical processing 
[63]. For a specific pattern of photonic crystal, it can be fabricated by 
etching method [64,65]. 

Two-dimensional photonic crystals are composed of materials with 
different dielectric constants arranged alternately in two-dimensional 
spaces. The 2D PCS consists of nanotube array (NTA), two- 
dimensional porous structure [66,67], monolayer opal structure [68], 
honeycomb scaffold and a series of microstructures. Compared with 
TiO2 nanoparticles, TiO2NTA can transfer along the long axis of the 
nanotube wall, and reduce exciton recombination at the intergranular 
interface [6,69]. Moreover, it has a high specific surface area [6]. 
Therefore, TiO2 NTA can effectively improve the photoelectric perfor
mance of the cell. 

At present, there are two main types of two-dimensional photonic 
crystals used in solar cells: one is an air hole structure having a dielectric 
constant of 1, and the other is a dielectric column structure having a 
large dielectric constant. For example, dielectric cylinder type, dielectric 
pore triangle type and dielectric pore hexagonal type, etc. [70], as 
shown in Fig. 12a and Fig. 12b. This structure is widely used, and the 
structure is easy to form a complete forbidden band. Generally, the most 
used material in solar cells is silicon. For scattering elements, cylindrical 
and circular holes are the most widely studied, and the optimization 
calculation method is also relatively perfect [39]. 

TiO2NTA is usually prepared by anodic treatment. Doped with 
different elements, TiO2NTAs has different optoelectronic properties. 
Keller et al. [71] prepared TiO2NTA by anodic treatment. They added 
ammonium fluoride niobate ((NH4)5 [(NBOF4) (NbF7)2]) to the elec
trolyte and the obtained NTA was heat-treated in NH3 atmosphere. Thus, 
(Nb/N) co-doped TiO2NTA can be obtained. In this method, anion and 
cationic co-doping can be realized without special alloy plate. The 
concentration of Nb element can be changed in a wide range by con
trolling the concentration of ammonium fluoride niobate and water in 
the electrolyte. Compared with N-doped TiO2NTA and Nb-doped 
TiO2NTA, (Nb/N) co-doped TiO2NTA can greatly improve the photo
conversion efficiency of the cell in the UV–Vis range. Guo et al. [72] 
prepared aperiodic TiO2NTA photonic crystal by applying a current 
pulse with periodic variation as an equal difference sequence, which is 
known as Aperiodic Photonic Crystal. The change of reflectance spec
trum corresponding to APC is an arithmetic progression. The method is 
characterized by high controllability and strong reproducibility. The 
photoanode with aperiodic TiO2NTA APC as DSSC can increase the 

photocurrent density by 0.27.01% compared with reference DSSC. The 
TiO2NTA photonic crystal (TiO2NTA PC) can also be obtained by 
applying periodic current pulse. Zhou et al. [69] prepared Seamless 
bonding between TiO2NTA and TiO2NTA (TiO2NTA PC-NTA) by 
applying a constant current pulse and periodic current pulse (Fig. 13 
[69]). TiO2NTA is used as a part of the absorption layer and TiO2NTA PC 
is used as a PC layer. The advantages of this method are that the physical 
contact between the absorption layer and the PC layer can be enhanced, 
the filling factor can be increased, the pore clogging between the double 
electrodes can be avoided and the photonic band gap can be adjusted 
continuously to obtain the best light enrichment effect. 

Compared with the DSSC with the same dye, this method eventually 
improves the photoelectric conversion efficiency by 50% (Fig. 14). 
Huang et al. [73] obtained 2.3 μm thick TiO2NTA PCs by using periodic 
current pulses and then deposited them on the NC-TiO2 layer to form a 
double-layer photoanode (Fig. 15). This method can accurately adjust 
the photonic band gap to achieve the maximum PCE. Compared with the 
Gr€atzel cell, the photoconversion efficiency is 6.96% when the photonic 
band gap matches the absorption peak of the dye molecule. 

Zhou jianwei et al. [74] calculated in detail the excellent optical 

Fig. 11. Material structure and cell structure.  

Fig. 12. (a) Schematic illustrations of nanohole and nanorod arrays. Light is 
incident from above. (b) Calculated absorptance at λ ¼ 670 nm as a function of 
c-Si filling fraction for the nanohole and the nanorod array structures occupying 
a half space. 
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absorption properties of nanowire arrays. They point out that the 
reflectivity of light decreases considerably after multiple reflections 
(Fig. 16) between nanowires. The experimental results show that the 
actual reflectivity of nanowires is lower than the theoretical value 
because the top of nanowires is not a completely flat and smooth plat
form. By measuring the prepared samples, it was found that a low 
reflectance of 2.4% was obtained in the 300–1100 nm band, which 
confirmed the excellent optical anti-reflection performance of the 
nanowire array theoretically and experimentally [39]. 

Fig. 13. Schematic of the cell fabrication process [69].  

Fig. 14. Photocurrent–voltage curves under AM 1.5 solar light illumination. 
Four cells, namely purple 1, purple 2, green, and reference were tested. The 
axial lattice parameters in the PC layer of the 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 a slight difference in dye loading. The reference cell is similar 
to the others except for the exclusion of the PC layer [69]. (For interpretation of 
the references to color in this figure legend, the reader is referred to the Web 
version of this article.) 

Fig. 15. Design of a DSSC based on the TiO2 NT PC/TiO2 NP photoanode and the SEM image of the TiO2 NT PC/TiO2 NP photoanode [73].  

Fig. 16. Schematic diagram of light reflected in nanowire arrays.  
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Moreover, Kelzenberq’s group [75] has demonstrated experimen
tally that regular periodic nanowire arrays have better optical absorp
tion than quasi-periodic or randomly distributed nanowire arrays, which 
is due to the strong anisotropic angular absorption of silicon nanowire 
arrays. However, the large specific surface area of this structure leads to 
the loss of carrier recombination of nanowires, which is also an urgent 
problem to be solved in the future development of photonic crystal solar 
cells. 

Two-dimensional dense packing structure can be prepared by self- 
assembly of monodisperse microspheres, which provides a faster, 
simpler and controllable way for the introduction of the two- 
dimensional photonic crystal structure of solar cells. Chen et al. [76] 
prepared two-dimensional porous perovskite film (IOP)by 
template-assisted spin-coating method (Fig. 17). The unique structure of 
two-dimensional porous thin films restricted the growth of perovskite 
crystals and changed the intrinsic electronic state of perovskites, which 
causes the corresponding absorption peaks and fluorescence emission 
spectra is a shift [6]. The highest conversion efficiency of the color PSC 
was obtained with a maximum conversion efficiency of 11.2% by using 
500 nm and 1000 nm two-dimensional porous MAPbI3 thin films as the 
absorbent layer of the cell. At the same time, the two-dimensional 
porous perovskite film with the aperture is 500 nm,1000 nm and 
2000 nm was prepared by four kinds of perovskite MAPbBr3, MAPb
Br1.5I1.5, MA0.5FA0.5PbI3 and FAPbI3. This method has certain flexibility 
and universality [6]. 

Snaith et al. [77,78] obtained honeycomb scaffold (HC) by template 
method. They then spin-coated perovskite precursors into the pores of 
the scaffolds. The porosity of HC thin film and the concentration of 
perovskite precursor solution can limit the crystalline region of perov
skite and then form a homogeneous perovskite film. As shown in 
Fig. 18a and b. The introduction of photonic crystal structure enhances 

the open circuit voltage and filling factor of the cell, which keeps the 
photoelectric conversion efficiency and the transparency of the device at 
9.5% and 37%, respectively. As shown in Fig. 18c. 

The “moth eye” structure was used as a template. Park et al. [79] 
obtained a moth-eye TiO2 mesoporous layer by shaping and nano
imprinting techniques. As shown in Fig. 19. Compared with ordinary 
TiO2 mesoporous layer, the photoelectric conversion efficiency of PSC 
increased from 15.31% to 17.48 with the introduction of moth-eye TiO2. 

There are many methods to prepare silicon nanowires, including 
chemical vapor deposition, hydrothermal method and laser ablation 
method. The single crystal silicon synthesized by these methods has 
good linearity and can be effectively regulated in size, but it is not 
suitable for preparing silicon wires in a large area, which is also a 
problem to be solved in the future development of photonic crystal solar 
cells. 

Increasing array absorption per unit area in a limited array of silicon 
nanowires is also an idea to improve cell efficiency. In dielectric cylin
drical photonic crystals, in order to improve efficiency, many re
searchers treat nanowires as a core-shell structure. Yang’s group [80] 
wrapped a layer of Cu2S on a single CdS nanowire to form a core-shell 
solar cell. Its absorption efficiency is higher in the wavelength range 
of 300–800 nm, and the peak appears near the wavelength of 500 nm. 
The cell efficiency reaches 5.4%. Hokkaido University and Honda 
Group, a Japanese manufacturer, have developed nanowire solar cells 
with core-shell structure of indium phosphide, which have a conversion 
efficiency of up to 12.3% [39]. In summary, nanowires are treated in 
two ways: anti-reflective layer was deposited on the surface of silicon 
wire and oxides are added to induce light scattering. 

Fan et al. [81] enhance the absorptivity of PSC by using PDMS 
nanocone array microstructure. Fig. 20 shows the schematic diagrams of 
perovskite solar cell and nanocone film preparation. In this way, the 

Fig. 17. (a) The schematic diagram of a 2D IOP film preparation, (b)The digital photo of various 2D IO MAPbI3 photonic films on glass substrates placed on a silicon 
wafer under AM1.5 illumination [76]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 
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external quantum efficiency of the flexible PSC is increased, and the 
photoelectric conversion efficiency is increased from 12.06% to 13.14%. 

At the same time, the super hydrophobicity of PDMS microstructures 
can insulate the water and make the surface of the cell have the 

Fig. 18. (a) Fabrication steps for patterned oxide scaffolds, SEM images showing perovskite film formations within TiO2 (b) and SiO2 (c) honeycomb scaffolds [77].  

Fig. 19. The schematic diagram of “moth-eye"-type two-dimensional photonic crystal TiO2 preparation [79].  

Fig. 20. Schematic diagrams of perovskite solar cell and nanocone film preparation [81].  
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self-cleaning ability [6], which can prolong the service life of PSC. After 
200 bending tests, the cell can still maintain a stable photoelectric 
performance. 

Wu Zhenhua et al. [82] designed an amorphous silicon thin film solar 
cell back reflector consisting of a one-dimensional photonic crystal and a 
two-layer two-dimensional photonic crystal using a-Si:H and SiO2. 
Fig. 21 shows the schematic of amorphous silicon thin-film solar cells 
with 1D and double-layered 2D photonic crystal back reflector. They 
used the finite-difference time-domain method to simulate the reflec
tivity and transmittance of the backreflector in the wavelength range of 
incident light of 300–1100 nm, calculate the short-circuit current den
sity of amorphous silicon solar cell under different structure parameters, 
and conduct comparative analysis to obtain the best backreflector 
structure. The results show that the designed solar cell back reflector can 
effectively extend the transmission path of incident light in the solar cell 
absorption layer, help to alleviate the influence of the thickness of the 
solar cell absorption layer on the absorption efficiency of the solar cell, 
and improve the absorption efficiency of the incident light. The 
one-dimensional photonic crystal and the double-layer two-dimensional 
photonic crystal structure of the back reflector can greatly improve the 
light-trapping ability of the cell, and increase the short-circuit current 
density of the amorphous silicon thin film solar cell to 31.96 mA/cm2. 
Compared with the amorphous silicon thin film solar cells with Ag/ZnO 
backreflector structure, the short circuit current density is increased by 
51.0%. 

3.4. Three-dimensional photonic crystal sensitized solar cells 

Compared with one-dimensional and two-dimensional photonic 
crystals, three-dimensional photonic crystals have more complex 
structures and better band gap effect. Solar cells fabricated using a three- 
dimensional photonic crystal structure can greatly improve the effi
ciency of solar cells due to the increase in photon retention time and 
average photon distance. Due to the complex structure of three- 
dimensional photonic crystals, ordinary methods for preparing two- 
dimensional and one-dimensional photonic crystals are not suitable 
for three-dimensional photonic crystals [39]. Three-dimensional pho
tonic crystal preparation methods can be divided into the following: dip 
pen nanolithography, colloidal microsphere self-assembly, multi-beam 
coherence, phase grating, grazing angle deposition technology and 
electron beam ion beam combination, etc. Three-dimensional photonic 
crystals are mainly used in sensitized solar cells, which are mainly 
accomplished by self-assembly method. In the process of self-assembly, 
the basic structural units spontaneously organize or aggregate into a 
stable structure with regular geometric appearance under the 

interaction of non-covalent bonds. Liquid electrolyte sensitized solar 
cells have achieved maximum quantum efficiency (photoelectric con
version) in the spectrum range of about 520 nm, but relatively low ef
ficiency in infrared and near-infrared light capture. In solid-state 
devices, light capture is generally limited by the thickness of the film, 
because thick mesoporous materials are difficult to penetrate [39]. 

In order to solve these problems, three-dimensional polystyrene (PS) 
colloidal photonic crystals with various FCC structures were self- 
assembled by horizontal deposition method, and three-dimensional PS 
colloidal photonic crystals with 495 nm diameter were obtained. The 
results show that the structure has a good reflection spectrum in the far 
infrared region from 1800 to 2000 nm. PS colloidal crystals with a 
diameter of 790 nm have good reflectance spectra in the near infrared 
region of 950–1150 nm [39]. 

Three-dimensional photonic crystals could also be used to make 
electrodes to further improve the efficiency of solar cells. Shan Tiyu [39] 
prepared a composite photocathode of CdSe nanoclusters and photonic 
crystals with anti-opal structure of TiO2. Photonic crystals with anti-opal 
structure of TiO2 are prepared by liquid phase deposition using 225 nm 
polystyrene micro-globular opal as template. The test results show that it 
has a large photoelectric conversion efficiency in the visible wavelength 
range of 400–700 nm, which is 2.5 times of TiO2 thin film composite 
electrode. 

In 2003, Mallouk et al. [6] used 3D TIiO2IOPC for liquid 
dye-sensitized solar cells for the first time, and the photocurrent density 
was increased by 26%. Since then, 3D photonic crystals have been 
widely used in sensitized solar cell (DSSC) [6]. The effect of different 
position modification of photonic crystal on the cell was studied [6].  

(a) The sensitized TiO2IOPC is used as a photoanode in a solar cell. 
Photonic crystals are able to reflect photons within the band gap 
range of photons and reduce the absorption of photons within 
that frequency range by sensitizer. Therefore, in the photonic 
crystal reflectance spectrum (black line), the spectral diagram 
(blue line) of the enhancement factor γ of the monochromatic 
light conversion efficiency corresponding to the band gap range 
reaches the minimum value (Fig. 22a). Thus, the simple photonic 
crystal structure is not suitable for application in sensitized solar 
cells [83].  

(b) The combination of nc-TiO2 layer and TiO2PC has two structures. 
The first structure is that the nc-TiO2 layer is deposited on the 
transparent conductive substrate of the photoanode. The other is 
to reverse the order of nc-TiO2 layer and PC layer. The TiO2PC is 
deposited on the conductive substrate first. 

Fig. 21. Schematic of amorphous silicon thin-film solar cells With 1D and double-layered 2D Photonic Crystal Back reflector [82]. (For interpretation of the ref
erences to color in this figure legend, the reader is referred to the Web version of this article.) 
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The structure of photoanode is used by Migu�ez et al. [6]. The inci
dent light is illuminated from the opposite electrode. They found the 
reason for increasing the efficiency of photonic crystals DSSC in addition 
to the “slow photon” effect to enhanced absorbance [6] and the photons 
are confined to the nc-TiO2 layer [6]. Due to the photonic band gap 
characteristics of photonic crystals, there are multiple resonance modes 
at the interface between photonic crystal and nc-TiO2 layer. It confines 
the photons in the band gap range of the photons to the absorption layer 
of nc-TiO2 [6] and makes the photons interact fully with the dye mol
ecules, which can improve the efficiency of optical enrichment and 
photoelectric conversion of DSSC (Fig. 22b and e). When the nc-TiO2 
layer is combined with the photonic crystal, the corresponding IPCE is 
obviously increased at the photonic band gap [83]. The result Shows 
that the intensity of resonance mode, the position of band gap and the 
transparency of the cell are related to the thickness of nc-TiO2 layer and 
the scattering intensity of photonic crystal. In addition, the results show 
that the optical localization is independent of the morphology of pho
tonic crystals and whether the photonic crystals are sensitized or not. 
Photonic crystals can be made of non-conductor materials, or 
three-dimensional IOPC can be replaced by one-dimensional photonic 
crystals. 

Guldin, S. et al. [84] co-deposited block copolymers and TiO2 
nanoparticles of 1–4 nm in diameter on transparent conductive sub
strates to form mesoporous layers by spin-coating method. Then, the PS 
microspheres as templates, they filled amorphous TIO2 into gaps in opal 
photonic crystals by atmospheric pressure chemical vapor deposition 
(APCVD). Finally, the polymer in the mesoporous layer and the PS 
microsphere template in the photonic crystal layer are removed by 
sintering at high temperature and the porous double-layer photoanode 

electrode was formed (Fig. 23). Compared with the bilayer electrode 
prepared by Mallouk et al. [85], this method not only makes the inter
face between the two layers more smooth but also maintains the 
integrity of the pore structure in the absorption layer and the connec
tivity of the pores between the bilayer cells through the filling of the 
copolymer (Fig. 24). It can make the electrolyte fully permeate, which 

Fig. 22. Optical and photoelectric spectral response of dye sensitized solar cells. (a) Specular reflectance spectrum (in black) of a dyed titanium oxide inverse opal 
(ϕ) 300 nm) compared to the enhancement factor γ (in blue). (b) Specular reflectance spectrum of a DSSC including an inverse titania opal (ϕ) 240 nm) after the 
working electrode (in black) compared with its corresponding enhancement factor. (c) Specular reflectance spectrum of a DSSC integrating two inverse titania opals 
of different lattice parameter (spheres sizes ϕ1) 240 nm and ϕ2) 300 nm) after the working electrode (in black) compared with its corresponding enhancement factor. 
In all cases, the enhancement factor γ is calculated from the ratio between the IPCE (incident photon to current conversion efficiency) of the considered cell 
(represented in d-f in a red dotted curve) and the IPCE of a standard cell that was subjected to similar silica deposition treatments for the sake of comparison (black 
dotted curves) [83]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.)  

(c) In addition to changing the refractive index difference of the material in the PC film, there are other ways to expand the spectral response range of the resonant 
mode. Migu�ez et al. [83] widen the band gap of photons by connecting two IOPC films with 240 nm and 300 nm apertures. The corresponding optoelectronic 
properties are shown in Fig. 22c and f. The red curve is the IPCE spectrum corresponding to the three-layer photoanode DSSC. Compared with the red curve in 
Fig. 22e, two kinds of IOPC thin films in a series can effectively widen the spectral response range of resonance mode, and the corresponding conversion 
efficiency η is 0.625%. Compared with the Gr€atzel cell, also called a reference cell, the conversion efficiency was increased by 12.4%. 

Fig. 23. High-resolution SEM showing complete pore connectivity between 
mesopores and micropores [84]. 
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can improve the dye sensitization effect and enhance the charge fluidity. 
At the same time, the short circuit current density (JSC) and external 
quantum efficiency (EQE) of DSSC can be effectively enhanced by using 
the resonant mode between PC and absorption layer. 

In quantum dots sensitized solar cell (QDSSC), quantum dots are 
equivalent to dye molecules in DSSC and need to be implanted into 
nanoscale semiconductor materials before they are used as photoanodes. 
But unlike dye molecules, quantum dots are only a few nanometers in 
three dimensions. The aperture of the one-dimensional photonic crystal 
is 10 nm–15 nm, while that of three-dimensional IOPC is larger. More
over, because quantum dots have multiple exciton effects, it is unnec
essary to design semiconductor materials with larger specific surface 
area. So, IOPC has become a common photonic crystal structure in 
QDSSC. Photonic crystals with an inverse opal structure can effectively 
reduce the charge recombination rate and increase the open circuit 
voltage of QDSSC. Therefore, IOPC has become a common photonic 
crystal structure in QDSSC. Photonic crystals with an inverse opal 
structure can effectively reduce the charge recombination rate and in
crease the open circuit voltage of QDSSC. Inverse opal photonic crystal is 
a kind of material with three-dimensional ordered macroporous struc
ture. Multiple scattering of light inside the material can increase the 
contact time between the material and the light, thus improving the 
absorption ability of the material to the light. Because TiO2 porous film 
has larger pore diameter, orderly structure, and fewer surface defects, 
the recombination probability of electrons in the process of transmission 
is reduced, thereby obtaining a relatively high open circuit voltage. 

Toyoda et al. [6] prepared two TiO2IOPCs by using PS microspheres 
of 309 nm and 394 nm in diameter as templates and obtained QDSSCs 
with a conversion efficiency of 2.7% by filling Cd/Se precursors and 
electrolytes into IOPC pores. Compared with photonic crystals with 
smaller aperture size, macroporous photonic crystals have a better 
filling effect and higher PCE. Meng et al. [6] prepared SnO2IOPC by 
scraper method and liquid deposition method. They introduced 
SnO2IOPC into CDS/Cd se co-sensitized QDSSC and obtained a relatively 
high open circuit voltage of 700 mV. Compared with mesoporous SnO2 
photoanode, SnO2IOPC photoanode can effectively reduce exciton 
recombination rate and increase the open circuit voltage and filling 

factor. Toyoda et al. [6] used TiO2 IOPC as the photoanode of Cd Se 
QDSSC. Compared with the mesoporous TIO2 photoanode, the open 
circuit voltage of the cell is also significantly increased. Halaoui et al. [6] 
studied the effect of the enhancement effect of photonic bandgap on 
QDSSC. They matched Cd S QD with 410  nm at the edge of the ab
sorption peak with TiO2IOPC with a photonic band gap of 390 nm and 
450 nm, respectively. The results were different from those of DSSC. The 
enhancement factor for the conversion efficiency of the photonic band 
gap blue band to QDSSC is 4.7, which is significantly higher than that of 
the red band edge enhancement factor 1.4–1.8. The scattering effect of 
TiO2 thin films with disordered structure can also enhance the photo
electric conversion efficiency of QDSSC. This film can increase the 
scattering of light, so that the incident light is deflected and absorbed by 
the dye repeatedly to increase the absorption of light, without increasing 
the path of photogenerated electron transmission. 

Toyoda et al. [6] proposed that the morphology of TiO2 photonic 
crystal photoanode has an important effect on the photoelectric con
version efficiency of QDSSC. Due to the large proportion of electrons 
injected from QD to TiO2, the quasi-Fermi level of semiconductor ma
terials increases, and the recombination rate of excitons in TiO2 IOPC 
photoanode is decreased. IOPC photoanode can increase the open circuit 
voltage of QDSSC. However, the short circuit current density of TiO2 
IOPC QDSSC is generally low. This problem can be solved by increasing 
the thickness and assembly quality of photonic crystals, reducing the 
band gap width of photonic crystals and combining two kinds of quan
tum dots. In addition to the reverse opal structure, TiO2 Nanotubes (TiO2 
NT) with large pores will also be the key to the development of the next 
generation of efficient QDSSC. 

Kanatzidis et al. [86] used p-type inorganic perovskite CsSn–I3 as 
solid hole transport material (HTM) instead of liquid electrolyte in dye 
DSSC to form all-solid-state dye-sensitized solar cells (solid-state DSCs, 
ss DSCs). Different from the liquid electrolyte, CsSn–I3 perovskite has 
long-term stability and can be calculated theoretically based on the 
electronic structure. Therefore, it can further improve the photovoltaic 
characteristics of DSSC. The advantages of p-type inorganic perovskite 
CsSnI3 are 1.3eV direct band gap, high hole mobility and suitable con
duction band position (3.62 eV). After doping F and SnF2, the 

Fig. 24. Schematic of double layer assembly [84].  
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photoelectric conversion efficiency of 9.8% can be achieved by using 
N719 as a sensitizer. The efficiency can be further improved to 10.2% by 
introducing the double layer ZnO IOPC pair electrode, which far exceeds 
the performance of the Gr€atzel cell. Yang et al. [87] introduced TiO2 
IOPC as an electron transport layer (IOP-ETL). It has traditional dense 
and scaffold functions (Fig. 25). The excellent light control ability of 
IOP-ETL improves the efficiency of PSC, which increases the 
short-circuit current density of PSC (Fig. 26). In addition, the addition of 
Ti(SO4)2 coating on the substrate of IOT-ETL film can effectively inhibit 
the recombination of excitons and enhance the open circuit voltage of 
PSC (Fig. 27). Finally, the photoelectric conversion efficiency of PSC is 
13.11%. The introduction of the TiO2 electron transport layer with 
multifunctional inverse opal structure can not only improve the photo
electric conversion efficiency of PSC but also reduce the manufacturing 
cost. 

Light trapping is one of the key technologies to improve the light 
absorption and efficiency of solar cells. He Xiaojin et al. [88] designed a 
silicon thin film solar cell with different back reflection trapping struc
tures (Fig. 28). The back reflection trapping structures are metal 
aluminum, metal aluminum grating, opal structure three-dimensional 
photonic crystal (3D PC) and metal grating laminated structure. 

The thickness of the silicon material of the solar cell absorbing layer 
corresponding to various trapping structures is set to 4 μm, the thickness 
of the anti-reflective coating (AR) is 150 nm, and the refractive index is 
1.87. The metal aluminum back reflector solar cell model in Fig. 28a is 
used as a reference cell. The metal aluminum grating structure in 
Fig. 28b is formed by periodically arranging nano columns with a 
rectangular cross section. The height (H) of the cross section of the 
nanocolumn ranges from 50 nm to 500 nm, the duty cycle (D ¼ a/b) 
ranges from 0.1 to 0.9, and the distance (b) between the two adjacent 
nanocolumns, i.e., the grating period (P) ranges from 100 nm to 
1000 nm. In Fig. 28 (c), the inverse opal structure 3DPC is an air 
dielectric sphere with several layers of dielectric constant embedded in 
the silica material. The radius R of the sphere increases from 50 nm to 
500 nm with a step length of 50 nm, and the number of layers L changes 
from 1 to 10. In Fig. 28d, photonic crystals and metal gratings are 
stacked as the back reflection structure of the cell. They simulated the 
influence of back reflection of silicon thin film solar cells on the light 
absorption of solar cells by changing the important structural parame
ters of metal gratings, photonic crystals, photonic crystals and metal 

grating stacks. The EFTD-based MEEP software package is used to 
strictly solve Maxwell’s equations to simulate the light absorption of 
solar cells. 

In summary, the results show that metal grating back reflection 
mainly enhances the solar cell’s absorption of light in the infrared 
wavelength range. When the period of the metal grating is 700 nm, the 
height is 100 nm, and the duty ratio is 0.7, the average absorption rate of 
the solar cell in the 750–1200 nm band is 45.4% higher than that of the 
metal aluminum back reflector reference cell. The inverse opal structure 
3D PC used for the back reflection structure of silicon thin film solar cells 
has the optimum structure parameters: the radius of the air medium 
sphere is 150 nm and the number of layers is 2. Compared with the metal 
aluminum back reflector, this 3D PC back reflection structure increases 
the light absorption of the silicon thin film solar cell by an average of 
34.8% in the range of 750–1200 nm. The laminated back-reflective 
structure solar cell has the best light absorption enhancement effect 
on the whole range of 300–1200 nm, and the light absorption of the 
metal aluminum back reflection structure is increased by 32% on 
average, which is better than the effect of using metal grating or pho
tonic crystal alone. Due to the good reflection characteristics of the 
metal grating and the photonic crystal, the transmitted light is reflected 
back to the absorption layer of the solar cell for secondary or multiple 
absorption, which enhances the absorption efficiency of the silicon thin 
film solar cell [88,89]. 

4. Conclusion 

Compared with traditional optical enrichment, photonic crystals 
have many advantages due to their unique optical properties. The 
introduction of photonic crystals can be divided into two types, one is 
placed inside the cell as the electron transport layer, the other is placed 
on the outer side of the cell opposite electrode as the back mirror. In this 
paper, the preparation method of photonic crystal is introduced, and the 
application of photonic crystal in solar cell is studied, in addition, the 
application of photonic crystal solar cell in the plateau area with 
abundant light resources is proposed. The combination of photonic 
crystal solar cells and biogas can provide electricity and raw materials 
for the development of animal husbandry, which solves environmental 
pollution and improves economic benefits. 

In silicon solar cells, photonic crystals are usually used as back 

Fig. 25. Fabrication procedure of the inverse opal-like TiO2 electron transport layer based perovskite solar cells [87].  
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mirrors, and their bandgap is designed to reflect incident light at 
different wavelengths. Photonic crystals with a band gap in infrared 
range are more favorable to improve the performance of silicon solar 
cells. At the same time, the selection of photonic crystal materials is 

more extensive. The introduction of photonic crystals can effectively 
reduce the device thickness and reduce the fabrication cost. 

Photonic crystals play a variety of roles in sensitized solar cells. They 
can be used not only to enhance photoelectric conversion efficiency but 

Fig. 26. J–V curves for perovskite solar cells based on IOT-ETL film with (red circle) and without (black cube) bottom, measured under a simulated AM 1.5 G solar 
irradiation, (b) room temperature photoluminescence (PL) spectrum of the perovskite coated IOT-ETL film with (red cycle) and without (black cube) bottom 
(excitation at 600 nm) [87]. (For interpretation of the references to color in this figure legend, the reader is referred to the Web version of this article.) 

Fig. 27. Schematic illustrating the charge transfer and recombination in the perovskite coated IOT-ETL film without (left) and with (right) bottom [87].  

Fig. 28. Schematic diagram of a solar cell model with different back reflection structures. (a) metal back reflection; (b) metal grating back reflection; (c) photonic 
crystal back reflection; (d) Photonic crystal þ metal grating back reflection [88]. 
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also as a support layer and scattering layer. One-dimensional photonic 
crystals, two-dimensional photonic crystals, and three-dimensional 
photonic crystals have their unique advantages and disadvantages. 
Due to different pore sizes, two-dimensional and three-dimensional in
verse opal photonic crystals are more suitable for QDS SCS than one- 
dimensional photonic crystals. However, compared with 3D photonic 
crystals, one-dimensional photonic crystals have the advantages of 
better charge transport, lower exciton recombination rate and higher 
transparency in DSSC. On the other hand, compared with the one- 
dimensional and three-dimensional photonic crystal structures, the 
two-dimensional nanotube arrays have the advantages of high control
lability, photogenerated electrons can be transferred along the long axis 
of the tube wall, and the recombination of excitons at the intergranular 
interface is reduced. 

Therefore, for the design of different types of photonic crystal solar 
cells, researchers should fully understand the photonic crystal light 
control performance and choose the appropriate photonic crystal 
structure and illumination direction. At present, photonic crystal 
structures are widely used in DSSC and QDSSC, but relatively few in the 
field of PSC. It is pointed out that although photonic crystals have many 
excellent optical control properties, it is difficult to meet the thickness 
requirements of PSC due to the limitations of preparation technology 
and structure of photonic crystals. At present, the photoelectric con
version efficiency of photonic crystal PSC is generally low. Therefore, 
develop new technology for preparing the large area and high quality 
ultra-thin photonic crystals, make a profound study of photonic crystal 
light control mechanism, design new structures, and explore new 
functions of photonic crystals will become the future development di
rection of photonic crystal solar cells. 
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