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Abstract

Solar cells utilize a small portion of solar spectrum depending on the technology while solar
radiation being a full of UV-VIS-IR wavelengths does not leave absorbing and other layers
unaffected. Only the photon energy that matches with absorber layer contributes to effective
power generation of solar cell. Higher and lower energy wavelengths induce thermalization
and absorption losses which in turn introduce several consequences including heating and
degradation in the cell level. Therefore engineered absorbing layer such as nanowire based
solar cell holds huge potential. Here in this work, we have investigated and simulated four
deterministic characteristics, viz, absorption depth profile, electromagnetic field, Poynting
vector and exciton generation rate distribution at different incidents. Flat silicon and silicon
nanowire were considered as examples along with a comparative outlook. Such predictive
studies facilitate the choice of technology and how to improve the cell efficiency using light
trapping technique.

Key-words: Optical characteristics, Silicon nanowire, FDTD simulation, Optical
confinement.

1. Introduction

Solar radiation per second (i.e. 1.74x10° TW) is more than sufficient to provide all the energy
demands needed to facilitate entire world population in a year. Unfortunately it has been
impractical because of technological challenges. Silicon (Si)-based solar panel is the most

popular one in this regard and holds more than 90% of current photovoltaic (PV) market
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(Sachs 2011). Although Si is abundant and superior in stability and non-toxicity, the
Shockley and Queisser efficiency limit (i.e. ~31%) for a single band gap Si-based solar cell
has become an issue and a matter of challenge for current research community. A small
portion of solar spectrum contribute to solar cells performances, whereas solar radiation
being a full of other wavelengths does not leave the associate layers unaffected. The photon
energy that matches with absorber layer contributes to effective power generation of solar
cell. Higher and lower energy wavelengths induce thermalization and absorption losses
respectively which in turn introduce several subsequent problems including heating and
degradation in the cell level. These additional consequences add up extra cost whereas
current technology is already facing various challenges to limit the cost below 1¢ per kWh.
Therefore, it is important to increase the cell efficiency at low cost to bring this technology

within afford and reach.

Si nanowires (Si-NWs) have been considered potential to face the efficiency constrain
because of nanometric features led unique properties (Kelzenberg et al. 2010; Polman and
Atwater 2012; Zhao at al. 2004; Krogstrup et al. 2013; Yu et al. 2014). Si-NWs have strong
optical absorption compared to that of flat silicon along with many other electrical
characteristics that lead to reduced production cost (Salhi et al. 2016). The efficiency can be
further improved by optimizing and tuning incident solar spectrum that is useful in efficient
solar cell system. A predictive analysis of inherent optical characteristics of such nanowire
based system indeed facilitates to determine and improve other associate layers of the solar
cell. Previously we have reported absorption profile, energy flow, EM field distribution and
exciton generation rate at 740 nm in addition to spectral analysis of absorption depth profile
for Si-NW system (Hossain 2016a, 2016b). Nevertheless, further correlated spectral analysis
on absorption profile, energy flow, EM field distribution and exciton generation rate

distributions is indispensable.

Two key challenges, low cost materials as well as higher efficiency, are immensely needed at
this moment to accelerate mass-production and utilization of PV technology. PV solar cell
based on nanometric Si-NW-based possess huge potential in this regard. Apart from optical
characteristics, short collection length for charge carriers in Si-NWs boosts up efficiency and
allows to use down grade absorbing materials. First ever PIN configured solar cells based on
Si-NWs was presented by Tian group in 2007 (Tian et al., 2007). The Si-NWs were grown by
vapor-liquid-vapor process. Since then, a variety of methods have been reported to obtain Si-

NW such as high temperature evaporation of silicon powder in furnace (Cui et al., 2001,
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2000; Wu et al., 2004), vapor-liquid-solid process (Wang et al., 1999; Westwater, et al
1997), laser ablation (Zhang et al., 1999), liquid solution solid process (Davidson et al.,
2004), solid liquid solid process (Yan et al., 2000), metal catalyst assisted electroless etching
(Peng et al., 2009, 2006a. 2006b, 2005, 2002), etc. There are huge and extensive studies on
conventional flat panel, although 31 generation solar cell especially nanostructured materials
based photovoltaic solar cell is not well understood. Numerical studies always support to
implement the proof-of-concept into prototype that ultimately ends up with a suitable
product. The studies also open up new avenue and in-depth understanding of the technology.
Therefore, an correlated and simulative study, such as absorption profile, electromagnetic

(EM) field, Poynting vector, excitation generation rate distribution, etc. are inevitable.

Here in this work, we have investigated and simulated four deterministic characteristics, viz,
spectral absorption depth profile, electromagnetic field, Poynting vector and exciton
generation rate distribution. Two Si-based absorbing layers generally used in thin film solar
cell, such as flat silicon and silicon nanowire, were considered as examples. A comparative
study has been carried out to illustrate how an efficient light management can be obtained in

silicon nanowire based solar cell.

2. Method and materials

c-Si slab and Si-NW on c¢-Si wafer were modeled in FDTD package of Lumerical Solution
(ver 8.6) and a three-dimensional (3D) analysis was carried out to obtain and compare optical
characteristics of such systems. The model geometry was selected in such a way so that the
parameters can be as close as of those reported previously (Hossain et al. 2016). Absorption
profile, Poynting vector, EM field distribution, and generation rate distributions at different
wavelengths ranging from UV to NIR region were extracted. Unpolarized plane wave as
illumination source was set as incident to the vertically modelled Si-NW. The characteristics
of Si-NW system were compared with that of c-Si slab only. Intensities of absorption profile,
Poynting vector, EM field and exciton generation rate distributions were obtained slice by

slice at different incident wavelengths.

3. Results and discussion

Solar cell internal quantum efficiency is known to be directly related to the photon absorption
profile of the absorbing layer. Such photon absorption can be confined and enhanced
depending on the geometry of absorbing layer in solar cell. Absorption profile, EM field

distribution, Poynting energy and excitation generation rate distribution are inter-related and
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deterministic factor to efficient solar cell. We have extracted aforementioned characteristics
at different wavelength ranging from UV to NIR region (i.e. at 300, 500, 700, 900, and 1100

nm). Figurela—c and Fig. 2a-c show absorption profiles and electromagnetic field distribution
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Fig. 1: (a)-(c) Spectral absorption depth profile of Si-NW model system at 300, 700 and
1100 nm wavelengths respectively, and (d) that of flat c-Si slab at 700 nm wavelength.

of nanowire model system at 300, 700, and 1100 nm wavelength respectively. Absorption
profile and electromagnetic field distribution of c-Si slab only at 700 nm wavelength of solar
spectrum was shown in Fig. 1.d and Fig. 2d respectively as references. For shorter
wavelength with higher energy, such as at 300 nm, almost no absorption and EM field
distribution was observed. On the other hand, for longer wavelengths, such as at 1100 nm,
slight distribution was observed near the edge and started to reduce within the absorbing

layer. At 700 nm wavelength of solar spectrum, the intensity distribution was confined within
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the nanowire model system. For conventional flat panel Si-based solar cell, single band gap

material (E,= 1.8 eV or 700 nm) utilizes the solar spectrum at around 700 nm.

Electromagnetic field

E,.=1.59
@700 nm

0.07 0.2

26 26
021 -007 007 : 021 -0.07

Fig. 2: (a)-(c) spectral EM field distribution for Si-NW model system at 300, 700 and
1100 nm wavelengths respectively and (d) that of flat c-Si slab at 700 nm wavelength.

In photovoltaics, excitation generation rate defines how many of excess excitons (i.e., excited
electrons and holes) are available to collect. Number of useful excitons per incident photon is
very crucial in designing efficient solar cell. Current (i.e. rate of charge flow) in solar cell
depends on the concentration of such excitons. Therefore, generation rate is calculated by
taking divergence of Poynting vector considering a zero recombination loss. Therefore,
understanding of spectral distribution of Poynting vector and excitation generation rate within

flat silicon as well as Si-NW system is very important. Energy flow distribution throughout a
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single Si-NW from top to the bottom are shown in Fig. 3a—c at different wavelength such as
300, 700, and 1100 nm wavelength respectively. At shorter wavelength, such as at 300 nm,
distributions were found intense near the edge and there was almost no distribution within the
nanowire model system. For longer wavelengths with lower energy, such as at 1100 nm,
there was slight confined distribution but that started to reduce within the absorbing layer. At
700 nm wavelength of solar spectrum, the intensity distribution was observed to be confine
and well distributed. Confined energy flow distribution was observed within the nanowire
model system. Figure 3d shows the Poynting vector profile obtained in flat c-Si slab at 700

nm wavelength as reference.
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Fig. 3: (a)-(c) Spectral Poynting vector profile of Si-NW model system at 300, 700 and
1100 nm wavelengths respectively, and (d) that of flat c-Si slab at 700 nm wavelength.

Figure 4a-c show excitation generation rate distribution of nanowire model at 300, 700, and
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1100 nm wavelength, respectively. At shorter wavelength with higher energy, no excitation
generation rate distribution was observed. For longer wavelengths, such as at 1100 nm, slight
distribution near the edge was observed. At 700 nm wavelength of solar spectrum, most of
the exciton generation rate distribution was confined within the nanowire model system and
the intensity distribution was well distributed. Excitation generation rate distribution of c-Si

slab only at 700 nm wavelength of solar spectrum was shown in Fig. 4d as references.

Exciton generation rate
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Fig. 4: (a)-(c) spectral exciton generation rate distribution for Si-NW model system at
300, 700 and 1100 nm wavelengths respectively and (d) that of flat c-Si slab at 700 nm

wavelength.
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4. Conclusion

Absorption depth profile, electromagnetic field, Poynting vector, and excitation generation
rate distribution of two typical model systems, flat silicon and nanowire model systems, were
observed at different wavelengths. At around 700 nm (band gap, E,= 1.8 eV), intensity
distributions were found confined and well distributed within the Si-NW model system with
reference to those obtained at other wavelengths. Exciton generation rate was available and
well distributed all the way down to the bottom of the wire. Lower wavelength with higher

energy solar spectrum was not found to be efficient for Si-NW model system.
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