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Abstract  —  Spectral selectivity is of interest for many 

photovoltaic applications, such as in multijunction and 
transparent solar cells, where wavelength-selectivity of the 
photoactive material is necessary. We investigate using artificial 
photonic band engineering as a method for achieving spectral 
selectivity in an absorbing material such as PbS CQD thin films. 
Using FDTD simulations, we find that a CQD-based photonic 
crystal (CQD-PC) is able to maintain its photonic band structure, 
including the existence of a reduced photonic density of states, in 
the presence of weak material absorption. This shows that CQD-
PCs are a promising material for photovoltaic applications that 
require spectral selectivity.  

Index Terms — spectral selectivity, photonic crystals, colloidal 
quantum dots, thin film material, photovoltaics,  

I. INTRODUCTION 

Spectral selectivity has many applications in optoelectronics 
such as in optical imaging [1], [2], target recognition [3], 
chemical detection [3], [4], and solar energy harvesting [5], but 
is difficult to achieve for typical traditional semiconductors that 
absorb at all energies above their band gaps. Spectral selectivity 
is of particular interest for multijunction and transparent 
photovoltaics that require materials with controlled 
transparency windows [5]. Solutions to this problem currently 
involve using external filters for photodetectors [4], adding 
both cost and complexity to the system, as well as empirically 
controlling the thickness of the absorbing layers in tandem solar 
cells to achieve current-matching, which usually sacrifices 
photocurrent output [6]. Spectral selectivity for heat 
management is usually achieved by attempting to reflect 
unwanted wavelengths that would be parasitically absorbed in 
the contacts or other device layers [7]. Here we propose using 
photonic crystals to produce controlled spectral selectivity 
within the absorbing medium itself, through engineering the 
photonic band structure to directly control the wavelength-
dependent absorption, reflection and transmission.  

Photonic crystals (PCs) are composed of materials with 
periodic variations in their dielectric functions that can 
potentially exhibit photonic band gaps, ranges of frequencies 
where photons are forbidden to propagate. This enables PCs to 
be used as a mechanism to manipulate light flow, such as in 
optical communications [8], computing [9], and optoelectronics 
[10]. Most of these applications use PCs with the photonic band 
gap in the non-absorbing wavelength region of the materials, 
below the electronic band where the material behaves as a 
simple dielectric, although tuning the frequency location of the 

photonic band gap can be done by adjusting the scale of the PC 
[11]. Positioning the photonic band gap of a PC in an absorbing 
material is atypical due to optical absorption being seen as a 
loss mechanism in many applications. However, photovoltaic 
applications rely heavily on semiconductor absorption as a 
crucial operation mechanism. Therefore, we propose using 
photonic band engineering within the absorbing material as a 
potential new spectral tuning mechanism.  

Spectral-selectivity is of particular interest with regards to 
color-tuned materials with controlled transparency windows for 
multijunction and transparent photovoltaics. Infrared (IR) 
sensitive small-bandgap semiconductors absorb strongly at all 
energies above their band gap. Materials such as organic 
semiconductors [12] typically have finite-bandwidth absorption 
in the visible and UV range, but IR-only materials are very rare. 
Usually, for IR-sensitive materials to be incorporated into 
multijunction solar cells, they must be positioned at the back of 
the cell to allow for absorption of the visible wavelengths by 
the front cell to occur. In this scenario, the thickness of both 
cells must be finely tuned to achieve current matching. The 
ideal material to incorporate multijunction functionality into 
current single junction photovoltaic technology would have a 
tunable and finite bandwidth absorption profile and offer 
flexibility for device design and current matching by allowing 
the IR material to be placed on either side of the visible cell.   

The concept of using the photonic band structure in a slab-
type PC to control the external absorption, reflection and 
transmission spectrum is illustrated in Fig 1. A system 
composed of a 2D PC “slab” with a periodic array of air holes 
drilled in a semiconductor is presented in the left portion of Fig. 
1. The “out-of-plane”, incident, reflected and transmitted fields 
interact with the “in-plane” resonant field, with properties that 
are determined by the PC structure. The “in-plane” fields and 
band structure couple to the “out-of-plane” transmission and 
reflection spectra at the g point of the Brillouin Zone, shown in 
the right portion of Fig 1. The transmitted and reflected fields 
directly couple to the incident field and simultaneously 
indirectly couple to the radiating mode of the PC slab, which 
can be explained by temporal-coupled wave theory [13], [14], 
[15]. Specifically, hypothetical reflection and transmission 
spectra at normal incidence are shown alongside a hypothetical 
(generic) in-plane photonic band diagram for a structure such 
as the one shown on the left side of the figure  to demonstrate 
the coupling between the in-plane photonic bands and the out-
of-plane reflection and transmission spectra. The transmission 
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and reflection profiles are composed of smooth varying 
background that resembles a Fabry-Perot interference spectrum 
[16], with sharp and asymmetric resonance features on top. The 
coupling between the incident wave and the photonic bands that 
share a lateral wave-vector creates resonance features in the 
transmission and reflection spectra of the slab. This 
phenomenon produces the potential for tuning the “out-of-
plane” spectral selectivity through adjusting the band structure 
of the PC slab to accomplish the desired absorption, reflection, 
and transmission profiles.  
 

 
 
Fig. 1. Schematic of a generic 2D “slab” photonic crystal depicting 
the spectral tuning concept (left). Broadband incident light (white in 
color), strongly couples to the “in-plane” resonant modes (yellow), 
producing spectrally-selective “out-of-plane” reflectivity (red) and 
transmissivity (blue). A hypothetical photonic band diagram for a 
generic slab structure is sketched in the middle panel. The photonic 
bands are shown in yellow, with the light line in blue. The inset is the 
Brillouin zone for a 2D triangular lattice photonic crystal. The “out-
of-plane” reflectivity (red) and transmissivity (blue) spectra at normal 
incidence are shown in the right panel. The green stripes highlight the 
direct correlations (coupling) between the sharp resonance features for 
the transmittance and reflectance spectra and the photonic bands at the 
g-point. 
 

In this work, we use finite-difference time domain (FDTD) 
simulations to calculate the photonic band structure of a PbS 
colloidal quantum dot (CQD) thin film-based photonic crystal  
[17], that strongly absorbs in the infrared and transmits visible 
light more strongly than its non-structured counterpart. We also 
quantify the effects of material absorption on the photonic band 
structure. This type of material could potentially be used as a 
flexible infrared layer to achieve current-matching in a tandem 
solar cell.  

II. SIMULATIONS 

To study the photonic bands of a PC formed in an absorbing 
material, we based our simulations on a previously 
experimentally demonstrated structure [17]. The structure of 
interest is composed of a monolayer triangular lattice array of 
polystyrene spheres, which serve as the low-index material,  
[17] infiltrated with absorbing PbS colloidal quantum dots, 
chosen due to their infrared responsivity, facile solution 

processability, and previous application in solar cells  [18], 
[19]. 

Using FDTD simulations, we can probe the effect of CQD 
material absorption on the photonic band structure by 
artificially setting the imaginary part of the dielectric constant 
(ϵI) to zero and the real part (ϵR) to a constant, equivalent to 
adjusting the real and imaginary parts of the refractive index (n, 
k). In this test-case model, dispersion is not explicitly 
considered due to the resulting difficulty in satisfying the 
Kramers-Kronig relations [20]. We determine the photonic 
band structure of our materials by calculating the frequencies 
of the modes that can exist in the structure beyond the initial 
transient phase, either with or without material absorption. We 
are then able to calculate the photonic band structure by using 
a broadband excitation source to ensure that all modes of 
interest are excited and collecting time-resolved field data using 
randomly distributed time monitors. Destructive interference 
causes rapid decay of non-resonant fields, while excited modes 
of the structure resonate with varying decay rates for the 
duration of the simulation. The frequencies of these modes are 
extracted using fast Fourier transform (FFT). 

Details of the FDTD simulation method for band structure 
calculations [21] are as follows: A simulation volume of an 
integer number of unit cells of the 2D periodic structure is 
considered, and the volume is extended in the z-direction above 
and below the slab symmetrically for approximately 10 lattice 
constants. Bloch boundary conditions are applied for the x and 
y (in-plane) directions and perfectly matched layers (PMLs) are 
used for the z-direction with symmetric or anti-symmetric 
boundary conditions, corresponding respectively to even (TE-
like) or odd (TM-like) modes. Identical broadband dipole 
sources are randomly distributed throughout the simulation 
space to excite the various modes. Conformal meshing is used 
at the material interfaces, incorporating Maxwell’s integral 
equations to account for structural variations within a single 
mesh cell. The loaded time signals from each time monitor for 
each field component are apodized with a Gaussian-shaped 
window function to focus on the time signal following the 
source pulse injection and before the simulation time ends. The 
resulting FFTs of the apodized signals comprise a spectrum 
consisting of peaks corresponding to the resonant modes 
associated with the allowed photonic bands. For each field 
component, the energy spectra of the Fourier-transformed time 
signals of every time monitor are summed to ensure the 
identification of all of the resonant frequencies. This is to 
account for any time monitors that may have been randomly 
placed at the node of a mode. The simulations are repeated for 
each Bloch vector value (K), and frequency peaks for each K 
that meet the threshold tolerance are kept.  

In our simulation, we use a slab thickness (t) of 250 nm, a 
lattice constant (a) of 250 nm, and two different sphere 
diameters of d = 250 nm and d = 200 nm to demonstrate a close-
packed and a slightly etched sphere lattice, respectively. The 
model structure is shown in Fig. 2(d). We use experimental 
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values for the real and imaginary parts of the dielectric constant 
for the CQD medium and a (real) dielectric constant of 1.6 for 
the latex spheres. A (real) dielectric constant of 2.6 is chosen as 
representative of the average of the CQD medium in the 
frequency range of interest and held constant to simulate the 
band structure for the control case of no material absorption.  

III. RESULTS 

A diagram of the simulated structure is shown in Fig. 2(d). 
The simulated photonic band structure for the non-absorbing 
close-packed case with both even and odd modes is shown in 
the top left panel of Fig. 2(a), followed by the results for a close-
packed (d = 250 nm) CQD-PC slab with full dispersion in the 
refractive index model in Fig. 2(b). In Fig. 2(c), the photonic 
band structure of an etched (d = 200 nm) CQD-PC with full 
dispersion is shown. In Fig. 2(e) the real and imaginary parts of 
the full refractive index model for the CQD material are plotted.  

 

 
 

Fig. 2. (a) FDTD-calculated photonic band diagrams for the 
structure shown in (d) with d = 250 nm for the case of no absorption 
(b) the case with full material dispersion, and (c) the case with full 
material dispersion and d = 200 nm.  (d) Model of the simulated 
structure composed of infiltrated PbS CQDs surrounding a monolayer 
triangular lattice of latex spheres with diameters of 250 nm or 200 nm, 
a 250 nm lattice constant, and a slab thickness of 250 nm. (e) The real 
(blue) and imaginary (orange) components of the refractive index of 
the CQD material as a function of frequency.  

 
Comparing the case of the non-absorbing PC slab with the 

case of the CQD-PC with full dispersion, it can be seen that the 
frequencies of the photonic bands are relatively unchanged with 
the added dispersion, consistent with our previous study on the 
effects of dissipation [17]. With the addition of CQD absorption 
to the model, the clarity of the higher-order bands decreases 
significantly; this is likely due to the increased absorption that 
exists at the higher frequencies as well as from the shorter 

absorption lengths at higher frequencies present in the model. 
The rough maintenance of the photonic bands at frequencies 
with weaker material loss can be understood from using the 
perturbation theory applied to the PC master equation [10]. 
Adding a small imaginary part to the dielectric function, ϵ, 
causes the addition of an imaginary part to the resonance 
frequency, ω# = ω# − iγ, which then adds to the linewidth of 
the Lorentzian resonance profile and reduces the resonance 
peak height. 

Although there is no complete photonic bandgap, our 
simulations show evidence for a reduced photonic density of 
states in the non-absorbing, close-packed (d = 250 nm) system 
near 400 THz, and this feature is largely preserved in the system 
that includes the full refractive index model for the CQD 
material. When the latex beads are etched (d = 200 nm), the 
photonic band structure shifts down in frequency, moving the 
reduced photonic density of states to lower frequencies. This 
region exhibits smaller absorption, and thus even more of the 
bands are preserved in this structure. 

In-plane photonic bands, in a slab-like PC, directly interact 
with the external propagating fields, specifically the reflected 
and transmitted fields, and therefore using them in absorbing 
materials, such as CQD films, represents a potential spectral 
tuning mechanism for photovoltaic applications. In PC thin 
films of interest for such photovoltaic applications, the 
periodicities are always smaller than the wavelengths of 
interest; thus, for plan wave sources, no diffraction orders exist. 
Because of this, all fields and modes that interact with the 
incident waves can be mapped to the reflected and transmitted 
waves with the same in-plane wave vector as the incident wave 
[17]. The in-plane photonic bands correspond to peaks in the 
transmission and valleys in the reflection spectra, leading to 
increased absorption near these resonances [17]. Photovoltaics 
and other optoelectronic applications that rely on the absorption 
of photoactive materials could potentially benefit from this 
spectrally-dependent increase in absorption.  

Using 2D CQD-PC slabs should enable spectral modulation, 
including absorption and transmission tuning, through careful 
control of PC parameters. As seen previously [17], broadband 
transmission and reflection selectivity is controlled primarily 
by the optical properties of the slab, such as the refractive index, 
the volume ratio of the periodic low-index material, and the slab 
thickness. The locations of the resonant features corresponding 
to the photonic bands depend on the PC structural properties, 
such as the periods and shapes of the voids.  

The partial preservation of an artificial photonic band 
structure within a strongly absorbing material such as a CQD 
film and the existence of a reduced photonic density of states 
indicates the potential for CQD-PCs to be spectrally-tuned for 
targeted optoelectronic applications. This could be particularly 
relevant for photovoltaic applications such as multijunction 
solar cells, where each cell is responsible for the absorption of 
a particular portion of the spectrum, while allowing other 
portions of the spectrum to be transmitted and absorbed by 
underlying cells.  
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IV. SUMMARY 

We analyzed a strategy for tuning the spectral selectivity of 
a thin film absorbing material composed of infrared-responsive 
PbS CQDs, for photovoltaics and other optoelectronic 
applications, by using photonic band engineering, where in-
plane photonic bands are used to control the properties of the 
out-of-plane transmission and reflection spectra. Using FDTD 
simulations to artificially vary the imaginary part of the 
dielectric constant controlling absorptivity, we discovered that 
a photonic structure formed within a strongly absorbing 
material, such as PbS CQDs, is able to maintain parts of its 
photonic band structure, including a reduced photonic density 
of states in a frequency range of interest. This demonstrates that 
photonic crystals may prove to be a viable route to achieve 
spectral selectivity within an absorbing material, useful for 
photovoltaic applications that require spectral selectivity such 
as multijunction solar cell and transparent photovoltaics.  

Future work will focus on expanding on these results through 
experimental exploration of other PC structures that could be 
viable for spectral selectivity. We will use insights gained from 
this study to design spectrally-selective infrared solar cell 
materials for multijunction photovoltaics as well as other 
photoactive optoelectronics. The platform demonstrated here 
should form the beginning of a new way to approach using 
photonic band engineering to controls the spectral selectivity of 
absorbing semiconductor materials.  
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