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Abstract 

 

Optical absorption coefficients are generally inherent to materials and are reduced for longer 

optical wavelengths, especially below their absorption edges. In tandem solar cells this makes 

thicker bottom cells necessary to improve their optical absorption efficiencies for longer 

optical wavelengths. This paper proposes a method to convert the propagation direction of an 

incident light toward the one parallel to optical absorption layers. High-efficiency optical 

absorption is demonstrated with thin absorption layers with this method. Drastic reduction of 

layer thicknesses necessary for high photoelectric conversion efficiencies will reduce the cost 

and improve the yield of various solar cells. 
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   Green technology to reduce carbon dioxide emission is now becoming more and more 

important and the development of highly efficient solar cells is one of the major targets in this 

direction. Commercial solar cells have been dominated by those based on crystalline silicon 

substrates.1) However, limited silicon resources and the overall power consumption for the 

production of such solar cells have been controversial, and thin-film solar cells such as 

thin-film silicon solar cells,2-4) dye-sensitized solar cells,5-7) and so on have been actively 

studied and developed recently. The low photoelectric conversion efficiencies of these types 

of solar cell have been a problem, but the introduction of multijunction types such as tandem 

solar cells8,9) is improving the situation. 

   Optical absorption is generally reduced for the lower photon energies, especially below 

the absorption edges of materials. For a given medium with a length L and an absorption 

coefficient α, the absorption ratio of an incident light is given by 1-exp[-α L]. From this 

relation, we need the medium length L of ~2/α for more than 80% absorption of the incident 
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light. Typical silicon thin-film tandem solar cells consist of a top cell made of ~300-nm-thick 

amorphous silicon (a-Si) covering the wavelength band centered at 500 nm and a bottom cell 

made of ~2-µm-thick microcrystalline silicon (µc-Si) covering the wavelength band centered 
at 800 nm.2,3) The reason for the thicker bottom cell originates from the lower absorption 

coefficient in the longer wavelength.10) For example, the optical absorption coefficient of 

µc-Si at the wavelength of 800 nm is ~10000 cm-1. This gives 86% absorption for a thickness 

of L=2 µm. This thicker bottom cell reduces the throughput of device fabrication and 

therefore increases the device cost as well as reducing the solar cell efficiencies by the 

recombination of photogenerated carriers during transport in the thicker layers. As a 

countermeasure to overcome the throughput issue, higher deposition rate techniques of µc-Si 

have been studied,11-13) but higher deposition rates tend to reduce photoelectric conversion 

efficiencies.14) 

   In this paper, I propose a new method to overcome this inherent problem between the 

lower optical absorption coefficients and the longer optical-path lengths necessary for 

high-efficiency absorption. The concept is based on the conversion of an incident light 

propagation direction toward the one parallel to optical absorption layers with the modulation 

of the incident-light wave front by a periodic π-phase shift. The impact of this light 
propagation direction conversion layer (LPDCL) is demonstrated with finite-difference 

time-domain (FDTD) simulations. FDTD simulation is a computational electrodynamics 

modeling technique to calculate the basic Maxwell’s differential equations directly with the 

replacement of the partial differential forms in time and space into the corresponding finite 

difference equations15,16) and is known to give accurate results with small enough grid sizes. 

   The fundamental concept is illustrated with a simplified structure in Fig. 1. The 

background is assumed to have a uniform refractive index of n1 to prevent unnecessary optical 

reflections and to focus on the key concept. LPDCL is introduced normal to the incident-light 

propagation direction and consists of periodic regions with the refractive indices of n1 and n2 

and with the period of D and the thickness of H. When a light wave is incident on the LPDCL 

and passes through the thickness H, the wave front experiences the lateral periodic phase shift 
of 

€ 

2π(n2 − n1)H /λ . When this phase shift is equal to π or its odd integer multiple, the light 

wave in the medium just after passing through the LPDCL forms a standing wave in the 

direction parallel to the LPDCL. Then, this wave starts to propagate in the direction normal to 

the incident light propagation direction. This is the main reason to call the periodic structure 

the LPDCL. 
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Fig. 1. Schematic of fundamental concept of light propagation direction conversion layer (LPDCL). The LPDCL 

consists of periodic layers with different refractive indices to convert the incident light propagation direction to 

the direction parallel to the conversion layer by changing the phase by π along the LPDCL. 

 

 
Fig. 2. Example that incorporates LPDCL. In this example, a periodic a-Si/air structure with the period D and the 

height H is assumed. Optical absorption layers are assumed to be a-Si and µc-Si layers following the top-cell and 

bottom-cell design in usual thin-film tandem solar cells but with a much thinner bottom cell. 
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   Let us consider the more realistic case shown in Fig. 2. A pair of a top cell and a bottom 

cell formed on a glass substrate is considered but with a much thinner bottom cell, i.e., a 

200-nm-thick a-Si top cell layer and a 200-nm-thick µc-Si bottom cell layer. A simple 
LPDCL is assumed, that is, a periodic a-Si layer formed on the a-Si top cell. For the FDTD 

calculation at the wavelength of 800 nm, the complex refractive index of each layer was given 

as follows: 4.23+0.10i for a-Si, 3.71+0.01i for µc-Si, and 1.45 for a glass substrate (SiO2). 

The imaginary part of the refractive index is related to the optical absorption coefficient α by 

€ 

αλ /4π . The refractive indices in the LPDCL are given as n1=1 (air) and n2=4.23+0.10i (a-Si) 
in Fig. 2. Since n2 is complex, the phase shift given by 

€ 

2π(n2 − n1)H /λ  is not simple but the 

LPDCL layer thickness H was given as 125 nm by employing the real part of n2, which 

approximately gives the π-phase difference. The grid size for the FDTD simulation was given 

as 1/60 of λ/n(a-Si), which is 3.2 nm for λ =800 nm. This was small enough to give accurate 
simulation results. 

 

Fig. 3. FDTD simulation and demonstration of the LPDCL effect. (a)	 With LPDCL consists of a periodic 

structure of 125-nm-thick and 150-nm-wide a-Si region and 150-nm-wide air region. (b) Without LPDCL. (c) 

LPDCL replaced with 125-nm-thick a-Si layer. The optical absorption layers of 200-nm-thick a-Si and 

200-nm-thick µc-Si layers grown on a glass substrate are the same for (a), (b), and (c). 
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   Figure 3 shows the time-dependent downward propagation of an electromagnetic plane 

wave calculated with 2-dimensional modeling. Figure 3(a) is the case when the plane wave is 

incident on the LPDCL of 300 nm periodicity that consists of 150-nm-wide a-Si layers and 

150-nm-wide air regions. Since incoherent light is usually incident on solar cells, finite-width 

plane wave incidence was considered. In this case, a light wave width covering five periods of 

the LPDCL was assumed and therefore eight periods of the LPDCL is enough to demonstrate 

its main function. The incident-light electric field parallel to the simulation plane was 

assumed in Fig. 3. t is the light propagation time given with the unit of femtoseconds (fs) and 

ct is the light propagation length, where c is the vacuum light velocity. As the incident light 

propagates through the LPDCL, the wave front is modulated due to the different light 

velocities in the two constituent regions of the periodic structure. The phase variation of the 

incident light wave in the Si layers is expressed by the difference in colors. The lateral phase 

modulation after passing through the LPDCL is clear at t=10.6 fs. The periodic dark and 

white color changes along the a-Si as well as µc-Si layers correspond to the periodic lateral 

π-phase shift. Figure 3(a) also shows the alternate phase change with the propagation in the 
incidence direction. At the later time of t=54.7 fs, the light propagation is dominated in the 

direction parallel to the Si layers. This simulation showed that the light transmission through 

the Si layers was reduced to 4.5% and the light reflection was also reduced to 6.6%. The light 

absorption in the a-Si and µc-Si layers including the a-Si regions of the LPDCL reaches as 

high as 88.9%. 

   As a reference, FDTD simulations on similar structures but without the LPDCL were 

studied. Figure 3(b) has the same a-Si and µc-Si layers as those in Fig. 3(a). In this case, the 

incident light was slightly diffracted laterally due to the finite beam width, but the major part 

was transmitted into the SiO2 glass substrate. The transmission into the glass substrate was 

53.1% and was the major part, while the reflection remained at 13.5% of the incident light. 

Optical absorption in the a-Si and µc-Si layers was limited to 33.4% due to the thin total Si 
layers. This comparison demonstrates that the phenomenon shown in Fig. 3(a) is not 

dominated by the optical reflection at the bottom µc-Si/ SiO2 interface. 

   Another remaining question is the total Si-layer thickness dependence. Since the a-Si 

layers in the LPDCL are missing in the structure shown in Fig. 3(b), this may be the factor for 

the reduced light absorption in the Si layers. Therefore, the LPDCL in Fig. 3(a) was replaced 

with a uniform a-Si layer, as shown in Fig. 3(c), i.e., the a-Si layer thickness was increased 

from 200 nm in Fig. 3(b) to 325 nm. The simulated overall light propagation characteristics 

were similar to those in Fig. 3(b), but the light reflection rather than the light transmission 
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was increased at the air/a-Si interface. 48.5% of the incident light was reflected and 24.4% 

was transmitted into the SiO2 glass substrate. This is the reversal of the reflection and 

transmission properties shown in Fig. 3(b). Optical absorption in the a-Si and µc-Si layers 
was reduced to 27.1% in spite of the increase in the total Si layer thickness. Therefore, the 

phenomenon in Fig. 3(c) is dominated by the optical reflection at the air/a-Si interface. 

 

 

Fig. 4. Spectral dependence of optical transmission, reflection, and absorption on incident light wavelength. 

Structure with LPDCL for the solid lines is the same as that in Fig. 3(a) and for the dashed lines with extended 

periodic structure. The planar structure is that replacing the LPDCL with an additional a-Si layer with the 

average thickness of 63 nm.  

 

   The spectral dependence was studied by changing the incident-light wavelength. The solid 

lines in Fig. 4 are the reflection, transmission, and absorption in the silicon layers calculated 

in the same configuration as that shown in Fig. 3(a). The dot-dash line is the absorption 

calculated as a reference for the Si layers without the LPDCL with the a-Si layer thickness of 

263 nm, which is the sum of the 200-nm-thick a-Si absorption layer and the average thickness 

of the LPDCL. Highly improved absorption efficiency is realized with the LPDCL in the wide 
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bandwidth. The periodic variations are due to the internal multiple reflections within the Si 

layers. The disappearance of the periodic variation in the wavelength range shorter than 600 

nm is due to the extremely large optical absorption coefficient more than 105 cm-1 and the 

reduced reflectivity due to the surface periodic structure. The decreased absorption for the 

wavelength above 900 nm is due to the lower absorption coefficients, as evidenced by the 

increase in the transmission through the Si layers.  

   Here the relation of the LPDCL and grating couplers (GCs) is discussed. GCs convert 

guided modes to leaky modes or vise versa through gratings attached to mostly 

absorption-free waveguides. The main design principle of a GC is the phase matching 

condition along the waveguide propagating direction among a guided mode, a leaky mode, 

and the grating period. Gratings are generally a perturbation to guided modes and many 

periods more than several tens of them are necessary for the efficient mode conversion. The 

increase of the grating height strengthens the perturbation and reduces the necessary number 

of the periods, but the optimum grating height has not been discussed before. In the LPDCL 

the “grating” height is fixed so that the spatial periodic π-phase shift is induced in the light 
propagating along the silicon absorption layer and this factor is more important for the 

efficient mode conversion. We have studied the dependence on the number of the periodicity 

in the LPDCL starting from one period, and the optical absorption efficiency was saturated at 

85~90% with about six periods. This is because the guided modes have very short coherence 

length on the order of µm. This high absorption efficiency achieved with such small number 

of periods is possible only by setting the LPDCL height for the π-phase shift and is well fitted 
to solar-cell applications where incoherent light is irradiated. This situation is much different 

from the conventional GCs and this is the reason why GCs have not been applied to solar 

cells except for ref. 17 in our knowledge. 

   Waveguides generally support leaky modes as well as guided modes. Extension of the 

periodic structure to the non-irradiated surface may increase the coupling to leaky modes. The 

calculated results are shown by the dashed lines in Fig. 4 and compared with the solid lines 

without the extension. As a general trend, reflection increases and absorption decreases for 

wavelengths longer than 700 nm. The important point is that the increase in reflection takes 

place in the irradiated area, not in the extended area (not shown). This indicates that light 

propagating along the silicon layers is reflected back by the outer additional periodic 

structures and the influence of leaky modes is negligible. This feature is also much different 

from conventional GCs. 

   The relation of the LPDCL and phase gratings (PGs) is also discussed. Moharam et. al. 



 8 

analyzed PGs with arbitrary grating cross sections and showed that an efficient conversion 

from the 0-th to 1st diffraction mode is possible by changing the grating height.18) Catchpole 

also analyzed rectangular gratings with the concept of the grating modes that propagates the 

PG region and demonstrated the high efficiency conversion to the 1st diffraction mode by the 

mutual cancellation of the 0-th and 2nd grating modes.19) Including these reports, the 

applications of diffraction gratings to solar cells discuss the high efficiency conversion to the 

diffraction modes with arbitrary diffraction angles under the condition that they are out of the 

escape cone.20-24) However the diffracted lights are reflected back to the PGs from the counter 

mirrors and can be scattered out of the solar cells again. Madzharov et. al. discussed the 

insertion of an additional reflection grating so that such extra diffraction loss can be 

prevented.20) For the normal incidence to PGs, 90° diffraction of the 1st diffraction mode may 

be conceivable. But it means that the diffracted light is propagating in the PG region. In this 

regard, the π-phase shift of the light in the light absorbing layer adjacent to but out of the 

LPDCL is important for realizing efficient solar cells. 

   The high efficiency reported in this paper also relies on the optimization method. The 

present scheme minimizes reflection as well as transmission and maximizes light absorption, 

and the simulation accuracy is maintained by examining the energy conservation of the 

incident Poynting vector power flow. Optimized structures are well correlated to the π-phase 
shift along the light absorbing layers just after passing through the LPDCL, as exemplified in 

Fig. 3(a). This makes it possible to realize a high light absorption efficiency of ~90% with just 

five periods of the LPDCL. 

   It is clear from Fig. 3 that the function of the LPDCL does not require optical reflections 

from metal electrodes. This will extend the application to transparent solar cells.25) Although 

the structure shown in Fig. 2 does not include p-n junctions or electrodes, the essential feature 

of the LPDCL is not changed with their inclusion. For example, replacement of the air regions 

in the LPDCL with transparent conductive oxide electrodes is possible by redesigning the 

LPDCL thickness. The present FDTD calculations assumed a two-dimensional structure, but 

the extension to LPDCLs three-dimensionally superposed in different surface directions is 

straightforward. This is because the main LPDCL effect is the π-phase shift of the transmitted 
wave front and the superposition principle of waves naturally applies. The resultant LPDCL 

structures may apparently resemble photonic crystals (PCs).24,26) However the proposed 

LPDCL does not include any resonance effects, while the key concept of “photonic band gap” 

arises from resonance effects in the periodic PC structures.  

   There have been several unique proposals to improve solar cell photoelectric conversion 
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efficiencies. Plasmonic solar cells have been actively studied recently with the capability of 

light trapping in ultrathin plasmonic solar cells.27) In plasmonic devices, the presence of metal 

is essential. The proposal of inserting asymmetric gratings inside solar cells28) also assumes 

the presence of metal. In the proposed LPDCL, the presence of metal is not essential as 

discussed above and therefore it can be applied in a wider range of solar cells. Since the 

concept of π-phase shift with an LPDCL is not dependent on the selection of materials, 
further improvement of the multiple-junction solar cells29) is expected by applying LPDCL, 

especially to the lower photon energy band. 

   In summary, a new method to convert the incident-light propagation direction toward the 

one parallel to optical absorption layers was proposed and high-efficiency optical absorption 

was demonstrated with thin absorption layers with this method. This will give a breakthrough 

on the limiting relations between optical absorption and necessary optical lengths in various 

solar cells and general optical detector applications. 
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