
839

MRS Advances © 2016 Materials Research Society
DOI: 10.1557/adv.2016.7

Comparative study of multilayered nanostructures for enhanced solar optical absorption 
 
Pabitra Dahal1, Jeffrey Chou2, Yu Wang2, Sang Gook Kim2 and Jaime Viegas1 
1Masdar Institute of Science and Technology, Abu Dhabi, United Arab Emirates 
2 Massachusetts Institute of Technology, Cambridge, Massachusetts, 02139, U.S.A. 

 
ABSTRACT 
 

Improved solar spectrum optical absorption in multilayered nanostructures consisting of 
metal, semiconductor and dielectric layers increase their potential for efficient photon to electron 
conversion. In this work, we analyze the influence of different nanostructure shapes and 
dimensions on the optical absorption in the vacuum wavelength range of 400 nm to 1500 nm 
based on Finite Domain Time Difference (FDTD) method. A periodic metallic photonic crystal 
composed of nanorods of gold, titanium oxide, and alumina is proposed by optimizing thickness 
of Au and TiO2, aspect ratio, sidewall angle, and geometry of the elemental shape. A high aspect 
ratio structure consisting of elliptical nose cone elements with optimized dimensions is seen to 
absorb more than 90% of the solar spectrum in the range considered. 
 
INTRODUCTION 
 

Better photon to electron conversion is directly related to higher external quantum efficiency, 
leading to potential applications in photodetectors, photovoltaic and solar water splitting. 
However, the already limited efficiency of conventional semiconductors like silicon is further 
restricted by the need to use high bandgap semiconductors such as TiO2 for their chemical 
robustness in photoelectrochemical solutions. 

Different materials have been studied for their photocatalytic activities. The attractiveness of 
TiO2 in photoelectrochemical process is due to its anti-corrosion and self-cleaning properties [1]. 
It also has efficient photoactivity, high stability, and lower cost as well as its safeness for human 
life and environment [2]. According to [3], the morphological states of TiO2 are suitable for both 
photocatalysis and photocurrent. But, TiO2 can be excited only with ultraviolet light because of 
its large band gap. Many studies report techniques implemented for extending the photoactivity 
of TiO2, but they are focused on visible and near infrared region only. 

The plasmonic enhancement of optical absorption coupled with hot-carrier injection offers 
high photon conversion efficiencies with low fabrication costs as compared to conventional 
electron-hole separation in semiconductor devices [4]. A thin metal layer enhances hot carrier 
collection, and the mean free path of hot carriers determines the thickness of metal required to 
avoid their thermalization [5].  Many metals have plasmonic resonance properties that overlap 
with solar spectrum; however noble metals such as gold are used for their tunable plasmon 
resonance, high optical cross sections, and stability under harsh chemical conditions [6]. 
Furthermore, both gold and titanium oxide are been extensively studied materials for water 
splitting applications. We examine different geometrical combinations of gold and TiO2 in an 
attempt to arrive to a structure that has strong optical absorption over the whole solar spectrum. 

In this work, we will focus on the optical behavior of the layered nanostructures. It is known 
that carrier transport dynamics are very important for the overall device behavior, especially in a 
non-planar geometry. This is the focus of future work, as experimental data regarding carrier 
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recombination and mobility in the thin films needs to be gathered for predictive simulations to be 
made.  

SIMULATION SETUP 

 The prototype nanorod structure considered in this work consists of an Al2O3 nanorod 
coated with TiO2 and gold layers (figure 1). Silica on top of silicon is used as the platforms for 
the pillars. The coating of TiO2 and gold is assumed to be conformal, i.e. their thickness on 
pillars is nearly equal to their thickness on the wafer surface. The non-cylindrical rods are higher 
degree parabola. 

Figure 1. (Left) Solar spectrum used to estimate the maximum amount of light that can be 
absorbed using different variations of nanorods. (Right) nanorods (not in scale) used in 
simulation: cylindrical, convex nose cone and concave nose cone.  

Three dimensional FDTD simulations are performed using commercial software (Lumerical 
FDTD Solutions). All material properties are obtained from the software’s library, and plane 
wave light excitation is assumed in all work.  

 To calculate the amount of solar light absorbed by the simulated structure,  ASTM G173-
03 Reference Spectra [6] corresponding to spectral radiation from solar disk and sky 
diffuse and diffuse reflected from ground on south facing surface tilted 37o from horizontal is 
used. The solar spectrum is scaled according to the relative absorption in the wavelength range of 
400 nm to 1500 nm and integrated to get the total absorbed power per unit area. Even though our 
plane wave source is not the most accurate description of realistic solar condition radiation, in 
terms of angular irradiance distribution, we are mainly interested in the relative performance of 
the different geometric nanoscale configurations.  

We assume periodic boundary conditions on the side boundaries of our unit cell, with each 
unit cell containing a nanorod. Perfectly matched layers are implemented on the top and bottom 
boundaries. A plane wave source is defined at the top interface and power monitors are located 
on planes above and below the nanorods. 

Since we perform full wave 3D simulations based on directly discretized Maxwell’s 
equations, the light scattering and trapping behavior is fully taken into account. By using period 
boundary conditions on the lateral sides of the unit cell, we have taken into account scattering 
from the nanostructured surface.   

i
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EVALUATION OF DESIGN PARAMETERS 

The period of the unit cell is made fairly large while optimizing the thickness of layers so that 
the change in fill factor during optimization runs does not contribute much to the results. The 
effect of variation in fill factor is also simulated. Most of the simulation results are based on the 
concave nose cone nanorods, as these have shown to have higher optical absorption than the two 
other models in figure 1.  

Semiconductor Thickness 

The optical response of nanorods with different thickness of the TiO2 layer as a varying 
design parameter is simulated with 10 nm of gold layer on an Al2O3 rod that has 50 nm base 
diameter. The period of the structure is taken to be 300 nm. With increased thickness of TiO2, the 
absorption peak moves towards the infrared region (figure 2). Increased infrared absorption is 
also observed. But above 50 nm thickness, the peak starts to decrease gradually, impacting 
infrared absorption significantly. The change in peak location and their magnitude is related to 
the cavity, waveguide, and surface plasmon polariton (SPP) modes and their strength around the 
respective wavelength. TiO2 thickness of around 40 nm shows higher solar-spectrum integrated 
absorption. 

Figure 2. Relative absorption from the nanorod for different thickness of TiO2 layer (left), and 
total absorption of the solar spectrum over the wavelength range of 400 nm to 1500 nm (right). 

Metal Thickness  

With 40 nm of TiO2 layer around Al2O3 rod, the total absorption is calculated by varying the 
thickness of the gold layer. The period of the structure is 300 nm. The absorption peaks in the 
infrared move towards the visible range with an increase in thickness, but they become narrower 
as well (figure 3). Based on the area of overlap of the relative absorption and solar irradiance 
graphs, the optimal gold thickness is considered to be 12 nm.  
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Figure 3. Relative absorption from the nanorod for different thickness of gold layer (left), and 
total absorption of the solar spectrum over the wavelength range of 400 nm to 1500 nm (right). 

Nanorod height  

For the purpose of determining how the height of the rods change the absorption spectrum, 
we have simulated the optical properties of Al2O3 rods with 40 nm of TiO2 and 12 nm of gold 
coating for different heights of the structure. The structure is periodic in both directions with 
periodicity of 300 nm. The observed increase of absorption with rod height is primarily due to 
the increased area for photon-metal interaction (figure 4). 

Figure 4. Relative absorption for a periodic array of nanorods with different rod heights (left), 
and total absorption of the solar spectrum over the wavelength range of 400 nm to 1500 nm 
(right).

Periodicity or fill factor 

The nanorod structure of 50 nm Al2O3, 40 nm TiO2, 12 nm gold and 1 m height is 
simulated for different  periods to determine how the fill factor changes the absorptive behavior. 
Denser designs clearly improve the performance (figure 5), due to the larger effective absorption 
effective area, although fabrication constraints may limit how densely the nanorods can be 
placed.  
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Figure 5. Relative absorption from the nanorod for different periodicity (left), and total 
absorption of the solar spectrum over the wavelength range of 400 nm to 1500 nm (right). 

Nanorod geometry  

 The shape of the rods changes the performance of the device to some extent. The concave 
nose cone (or nose cone inverted) has a slightly larger overall absorption than the other 
geometries (figure 6). These types of pillars can interact directly with vertically incident photons.  

Figure 6. Relative absorption from the nanorod for different rod shapes (left), and total 
absorption of the solar spectrum over the wavelength range of 400 nm to 1500 nm (right). All 
pillars have 1 m height with Al2O3 base diameter of 50 nm, 50 nm coating of TiO2, and 10 nm 
coating of gold. 

We have combined all the optimal parameters of this study into an optimized structure  
achieving an estimated 90% absorption efficiency over the full spectral range of interest (400-
1500 nm), as observed in figure 7. 
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Figure 7. Relative absorption spectrum of the optimized device (gree solid line), and comparison 
of available (red solid line) and absorbed (dotted blue line) solar radiation. The inverted nose 
cone nanorod with 50 nm Al2O3, 40 nm TiO2, 12 nm gold, 3 m height and 200 nm periodicity is 
simulated from the optimization reported in this work.

CONCLUSIONS

The optimized thickness of gold and TiO2 increase the photon metal interaction in the 
structure and shift the resonant mode frequencies.  The adjustment in height, shape, and 
periodicity ensures maximum amount of light absorption at the device. Fine tuning of all these 
parameters aids to enhance solar absorption. Through simulation, a TiO2 layer of thickness 40 
nm and gold layer of thickness 12 nm around 50 nm thick Al2O3 rod is determined to be one of 
the optimal designs. Higher aspect ratio structures and densely placed structures show higher 
absorption, but may not be feasible due to fabrication constraints. Nevertheless, these 
optimizations give promising results with easily achievable fabrication aspect ratios and surface 
structure density. An estimated 90% absorption efficiency over a broad solar spectral range (400-
1500 nm) is achieved with an optimized structure as presented in this work.  
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