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1. Introduction

Hierarchical structuring in natural and 
man-made materials has given rise to 
interesting design pathways that extend the 
material properties beyond the continuum 
regime[1] and incorporate multiple func-
tionalities on the same macrostructural 
platform.[2] The idea consists of designing 
structural components that themselves are 
structured at multiple levels, through the 
introduction of features at multiple length 
scales. Notable consequences of multiscale 
design include simultaneous enhance-
ment of strength and toughness,[1,3] coun-
terintuitive behavior such as negative 
Poisson’s ratios,[1,4] biological examples 
of integrating multiple functions such as 
antireflection, superhydrophobicity, and 
antifogging in the eyes of insects,[2,5,6] 
tuning mechanical behavior of layered 
materials by hierarchical structuring while 
retaining macroscale electrical conduc-
tivity,[7] and several others. Few studies 
have demonstrated that a hierarchical pat-
tern is superior to a single-level pattern in 
terms of superhydrophobicity[8] and light 
trapping for enhanced absorption in solar 

cells.[9] Hierarchically structured polymeric materials have inter-
esting implications in biomedical applications owing to the pos-
sibility of precise and programmed drug delivery and efficient 
tissue scaffolding due to large surface areas.[10] In the area of 
energy storage, electrode materials with multiscale structures 
enable simultaneously aspects such as enhanced battery perfor-
mance and better structural stability, by taking advantage of size-
dependent material properties.[11,12] The efficacy of multiscale 
design is also evident from ecological studies that show that for-
ests with a diverse flora spanning a range of heights, and hence 
constituting a multiscale canopy, lead to a very efficient intercep-
tion of sunlight, thus offering another biological motivation to 
hierarchical structuring.[13] In the area of optoelectronic design, 
however, most of the literature till date is focused on the effects 
of a single level of patterning such as continuous nanostruc-
tured arrays for light confinement in the context of solid-state 
photovoltaics,[14–23] to maximize the absorption of light per unit 
device area. The main goal of this design is to obtain a complete 
nanostructural coverage over the device area to maximize light 
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trapping and absorption. In other words, the inherent goal of 
material design is to synthesize defect-free materials and struc-
tures to maximize a desired optoelectronic function. However, 
such an approach often overlooks rich multiscale photonic 
processes occurring in a hierarchical structure. For example, a 
defective nanostructured array with microscale discontinuities, 
which is a hierarchical structure with two length scales, can 
exhibit optical transport characteristics that are totally different 
from the defect-free constituent nanostructured array and the 
planar (continuum) structures. There have been some investiga-
tions carried out concerning the relevance of multiscale/hierar-
chical designing in photonics and optoelectronics. These include 
using hierarchically patterned photovoltaic architectures to boost 
photocurrents beyond the limits of a single-level pattern,[9,24,25] 
design of fractal-like nanostructures for multimodal plasmonic 
resonance to broaden spectral response,[26] hybrid nanostruc-
tures for efficient photodetectors,[27] and energy harvesters for 
self-powered nanostructured photodetectors.[28] Particularly, the 
design advantages of hierarchically structured electrodes have 
been demonstrated in the area of dye-sensitized solar cells. The 
research in this area has shown that hierarchical structures offer 
multiple simultaneous advantages, which include light trapping 
and absorption enhancement, higher surface area and better 
charge collection, and better electrolyte diffusion,[29,30] demon-
strating the advantage in terms of photo voltaic enhancement. 
However, outside the purview of the well-known challenges of 
photovoltaic/photodetecting absorption enhancement, these 
investigations are at an early stage of exploratory investigation 
where the implications of hierarchical structuring in optoelec-
tronics are yet to be explored. We emphasize that the hierar-
chical structures can offer solutions to many other problems 
that cannot be addressed using simpler nanostructures. This is 
the central aspect of this paper.

In the process of investigating hierarchical multiscale struc-
tures, we also address another important aspect of nanofabrica-
tion—to extend soft lithographic and nanoimprint lithographic 
fabrication beyond the limits of the monoperiodic geometric fea-
tures of the master template. Traditionally, these processes use a 
nanostructured master mold or template, the features of which 
are replicated on the substrate of interest. Soft lithography has 
been extensively investigated to form nanostructures by using 
moldable elastomers.[31] This fabrication process is typically based 
on self-assembled periodic monolayers of nano- or microsized 
spherical particles.[32–35] However, the structures developed using 
this method are monoperiodic with the periodicity limited by the 
diameter of the sphere. Nanoimprint lithography also uses a mold 
to deform a temporary film that is deposited on the target material 
to be patterned.[36] Investigations have revealed several interesting 
phenomena that can be tuned to control the surface wetting 
behavior,[37] optical behavior of the structure,[38] and so on. How-
ever, a majority of these investigations use the nanostructures that 
are just replicas of the features in the master template. This paper 
also addresses the question whether the limits of nanoscale fabri-
cation using the molded templates can be extended, through the 
development of unconventional but facile fabrication processes, 
to obtain feature sizes that are either larger or smaller than those 
in the master template. The bigger question here is whether the 
tuning of feature sizes can lead to control over multiscale optical 
transport. This is the second aspect of this paper.

In terms of physical phenomena, we are concerned with the 
complex optical transport that occurs in the two-scale hierar-
chical structure—one is at the superwavelength scale and the 
other is at wavelength scale. We demonstrate that the resonant 
coupling of light among the superwavelength features (for 
n = 2, Figure 1c) leads to spectral signatures that are observ-
able neither in a material continuum (n = 0, Figure 1a) nor in 
a perfectly crystalline (n = 1, Figure 1b) architecture, where n 
is the order of hierarchical structuring. This becomes possible 
because of the coexistence of dual functionalities in the two-
scale hierarchical structure for n = 2 (Figure 1c), light scattering 
by the wavelength-scale structures, and resonant coupling 
across the larger domains.

Further, we have studied the practical implications of such 
multiscale photonic design, and we have used the underlying 
phenomenon to tune the optoelectronic response of a solution-
processed photodetector built on the hierarchically structured 
platforms, and to consequently improve the spectral uniformity 
of the optoelectronic response of the device. Optoelectronic 
spectral shaping is an important factor in the design of photo-
detectors. Nonuniform spectral intensities are inevitable in 
thin-film optoelectronic devices that heavily rely on the use of 
high-refractive-index transparent oxide electrodes or buffer 
layers such as indium tin oxide, fluorine-doped tin oxide,  
aluminum-doped zinc oxide, and TiO2, although their macro-
architectures for thin-film optoelectronic devices have been 
studied extensively.[39–42] These unwanted nonuniformities 
in the spectral features are due to the strong optical contrast 
between the constituent layers of the device. A planar device 
structure based on a TiO2 film shows a strong photoresponse 
around λ = 400 nm, as seen from the simulations in Figure 1d. 
This response is a signature of the optical interfaces in the device 
architecture, which cannot be suppressed by trivial manipula-
tion of the layer thicknesses (see Section S1 in the Supporting 
Information). These spectral features tend to reduce the spectral 
range and uniformity of the photoresponse, which are impor-
tant for practical applications.[43] There have been some efforts 
to tune the spectral response of photodetectors by introducing a 
resonant optical cavity in the device.[44–46] However, this design 
strategy introduces optical elements in the device path, and the 
optical design might interfere with the electrical performance 
of the device; hence, it requires a careful optimization of mate-
rials and device geometry. Thus, a good design would spatially 
decouple the passive optical elements and the electrical function 
of the device. We adopt this design rule by incorporating a multi-
scale pattern in the substrate, consisting of alternating nano-
structured and planar domains as shown in Figure 1c, on which 
photo detectors are fabricated. As seen in Figure 1e, this device 
structure converts the high-index oxide layer into a multiscale 
waveguide. We expect the nanostructured domain to scatter light 
into the waveguide, and that this light will be coupled across 
to the microscale planar domains, in a wavelength-dependent 
manner. By doing this, we incorporate an optical filtering func-
tion before the light is absorbed by the semiconducting layer, 
which will possibly improve the uniformity of the spectral 
response. In fact, the inset in Figure 1d shows a TiO2 multiscale 
waveguide illuminated by a normally incident 650 nm laser spot. 
It is clearly seen that the lateral optical transport across the sub-
strate illuminates the entire substrate, hinting significantly large  
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(at least of the order of few millimeters) photonic diffusion 
lengths within the waveguide. This hierarchical pattern is char-
acterized here by a parameter Cst, which is the fraction of the 
substrate area over which there is nanostructured cover. This 
architecture selectively confines light within the high-index 
oxide layer through wavelength-dependent coupling of scattered 
light from the structured domain to the planar domain. Indeed, 
the simulated electric field patterns in Figure 1f, for λ = 400 nm, 
clearly show guided modes with electric fields having both x 
and y components, while the incident light consists only of an 
electric field along the x-direction, proving the presence of mul-
tiscale guided modes. As seen from the simulated absorptance 
spectra in Figure 1d, for a hierarchical structure with Cst = 
0.5, the modified design simultaneously suppresses the peak 
at λ = 400 nm and improves the spectral response around λ = 
500 nm, ultimately resulting in an improved spectral range and 
more uniformity of the spectral intensities. This behavior cannot  
be realized with a periodic nanostructured substrate without 
the interspersed planar microdomains (as seen in Figure 1d, 
from the spectrum corresponding to Cst = 1.0, of a defect-free  

continuous nanostructured array) implying that a multi-
scale photonic transport process is at the core of the observed 
behavior. In the following sections, we discuss on the details of 
simulations and experiments that we used to design, fabricate, 
and evaluate the solution-processed photodetectors on the mul-
tiscale patterned substrates. These monolithic substrates were 
fabricated by soft lithography on moldable thermoset epoxies. 
Further, we developed a novel mechanical-strain-aided molding 
process that enables tuning the size of the nanostructures while 
working with the same master template, to obtain multiperiodic 
nanostructures that enable tuning the spectral response of the 
photodetector.

2. Results and Discussion

2.1. Shaping Light Confinement

Prior to fabricating the device, we characterized the multiscale 
optical confinement combined with waveguiding phenomena 
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Figure 1. a–c) Schematic illustration of the hierarchical patterns, where n is the hierarchical level (the inset in (c) shows a TiO2 waveguide built on a hier-
archically structured substrate; the normally incident 650 nm laser spot at the center illuminates the whole substrate due to lateral optical transport). 
d) Simulated absorptance spectra of photodetectors based on planar, completely nanostructured (Cst = 1.0), and partially structured (Cst = 0.5) devices. 
e) A 2D schematic of the multiscale pattern with the illustration of the coupling of scattered light from the nanostructured to the planar microdomain, 
Cst is the nanostructured areal coverage, and ε is the tensile strain applied on the mold during fabrication of the substrate. f) The electric field patterns 
for λ = 400 nm showing the cross-domain light coupling and confinement of light in the dielectric oxide waveguide.
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in the substrate (Figure 2a). Light entering the substrate will 
be scattered by the nanostructured domains and will get cou-
pled to the waveguide modes in the substrate as shown sche-
matically in Figure 2a. This is further evident from a decreased 
specular reflectance in the multiscale waveguide (MWε) sub-
strates compared to the planar waveguide (PW) substrates 
(Section S4, Supporting Information). Also, the bare epoxy sub-
strates without the TiO2 layer show no differences in the spec-
tral transmittance (Section S4, Supporting Information), which 
implies that confinement of light within the TiO2 layered wave-
guide leads to the observed differences in the spectral behavior. 
The light that is not confined is transmitted out of the oppo-
site side of the substrate constituting the total transmittance T 
and the confined light constitutes the diffuse reflectance RD. 
The transmittance of the planar substrate shows a peak around 
λ = 450 nm and a large dip following this peak, with a local 
minimum around λ = 500 nm. As discussed in Figure 1d, this 
peak is a characteristic feature of the planar interfaces in the 
substrate and cannot be suppressed by merely tuning the thick-
nesses of the oxide layer. However, the MW0 and MW20 sub-
strates show a marked reduction in transmittance by almost 
30% for λ = 450 nm (Figure 2b). It is important to note here 
that the nanostructured coverage Cst of around 50% was used 
in these experiments. The primary design goal in deciding 
the optimum coverage was to suppress the spectral features 
around λ = 400 nm. It was seen through transmittance meas-
urements that higher coverages lead to a greater suppression 
of this spectral feature (Section S4, Supporting Information). 
With the spin coating process used here, the maximum uni-
form coverage possible was 54%. Higher coverages were still 
possible but at the cost of reduced lateral uniformity and thus 
we fixed the optimum coverage to 54% for our study. It is inter-
esting to note that the relative drop in the transmittance (dips 
A, B, and C in Figure 2d) and the relative increase in the diffuse 
reflectance RD of the MWε substrate (peaks A′, B′, and C′ in 

Figure 2e) show excellent agreement in terms of the spectral 
peak positions and spectral shifts as a function of ε. Therefore, 
it is possible to tune the transmittance of the MWε substrate 
through the tuning of the diffuse reflectance that arises from 
scattered light leaving the substrate. Thus, by controlling the 
strain, ε, applied on the polydimethylsiloxane (PDMS) mold, it 
is possible to tune the spectral dependence of the scattering in 
the substrate, and to induce spectral shifts such as the shift of 
peak B′ to peak C′ in Figure 2e. This provides a way to tune the 
transmittance of the substrate by controlling a process param-
eter on an intermediate molding step, while still retaining 
the same master template. This observation further suggests 
that optical confinement, which is the key process underlying 
spectral behavior, can be shaped using mechanical strain as a 
fabrication process parameter. In these optical measurements, 
the optical interface on either side of the substrate is with 
air (nr = 1). However, in an actual device, a low-index anode  
(nr ≈ 1.5) is deposited on the waveguide. This will slightly 
modify the waveguiding characteristics. However, based on the 
simulated absorptances of the devices (Figure 1d), the drop in 
the absorptance at λ = 400 nm still exists, and Figure 1f further 
suggests that this is due to lateral multiscale coupling of light. 
Motivated by this, we further fabricate photodetectors on the 
multiscale waveguides and discuss the results in the following 
section.

2.2. Optoelectronic Spectral Tuning by Resonant Light Coupling

The PW and MWε substrates are incorporated in a solution-
processed photodetector. As suggested by the schematic in 
Figure 3a, we are interested to know whether the multiscale 
MWε substrates can filter the light entering the absorber, 
through multiscale optical coupling, and improve the 
uniformity of the optoelectronic spectral response.

Adv. Optical Mater. 2019, 1900471

Figure 2. a) Schematic showing the device test condition for optical characterization. b) The total transmittance of the bare epoxy, PW substrate with 
epoxy/TiO2 layers, and MWε substrate with strain ε used in molding. c) Diffuse reflectance of the PW and MWε with varying strain during fabrication. 
d) Relative change in the transmittance of the MWε substrates with respect to that of PW substrates. e) Relative change in the diffuse reflectance of 
the MWε substrates with respect to that of PW substrates.
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Optoelectronic characterization of the devices is carried out 
through the measurement of I–V curves, and more importantly, 
through the measurement of the external quantum efficiency 
(EQE), which provides the optoelectronic spectral signature of 
the devices. The spectral response of the photodetectors is ana-
lyzed in terms of its uniformity, U, within the wavelength range 
(λ1, λ2) of interest, which is calculated as

,
EQE ,

EQE d
1 2

max 1 2

1

2

∫
λ λ λ λ

λ λ
) )

)
( (

(
=

λ

λU  (1)

where λ1 and λ2 are typically the wavelengths marking the 
edges of the spectrum, beyond which the photodetector shows 
negligible response, and EQEmax(λ1, λ2) is the maximum value 
of EQE(λ) in the wavelength range (λ1, λ2). This definition of 

spectral uniformity, U, ensures that the closer the maximum 
value of the EQE to the average value, the higher the uniformity 
of the spectral response.

The normalized external quantum efficiency EQEN values of 
the devices based on the PW, MW0, and MW20 substrates are 
shown in Figure 3b. The measured EQE spectra and the details 
of the calculation of the normalized quantum efficiency from 
the measured quantum efficiency are provided in Section S7 
(Supporting Information). On analyzing the EQE of the refer-
ence device and the devices fabricated on the MWε substrates, 
we made the following observations. First, the planar device 
shows a peak in the EQE around λ = 400 nm, followed by a 
dip in the spectrum around λ = 450 nm. This spectral feature, 
which resulted due to the planar or layered optical interfaces 
as discussed earlier, limits the spectral uniformity of the spec-
tral response of the planar device. However, when an MW0 
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Figure 3. a) Schematic of the photodetector built on a multiscale hierarchically structured substrate and its optical working. b) The scaled EQE spectra, c) the 
spectral uniformity U(λ1, λ2), d) the specular reflectance RS, and e) the diffuse reflectance RD of the devices based on the PW, MW0, and MW20 substrates.



www.advancedsciencenews.com

© 2019 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim1900471 (6 of 11)

www.advopticalmat.de

substrate is introduced in place of the PW substrate, the peak 
at λ = 400 nm and the dip at λ = 450 nm are suppressed. This 
results in a roughly 4% improvement in the uniformity U 
(Figure 3c). However, the uniformity of the EQE spectrum can 
be further improved by using a multiscale substrate fabricated 
using a strained mold. In particular, the MW20 substrate shows 
an improvement of ≈9.3% in the uniformity U, compared to 
the PW substrate. The spectral range for these calculations is 
(λ1,λ2) = (300 nm, 800 nm). This range is chosen in accord-
ance with the absorption spectrum of the active material of 
the device, and hence the EQE is negligible outside this range. 
Although the improvements in the spectral uniformity are not 
very large, it is important to note that this experiment dem-
onstrates an example of how multiscale optical transport can 
be used to shape optoelectronic spectra. Through further opti-
mization of the complex multiscale structure, better improve-
ments could be possible. The nonuniform spectral features in 
the PW substrate are because of the presence of two dielectric 
interfaces with high contrast on either side of the TiO2 layer 
(the substrate with a refractive index of 1.5 on the bottom and 
the PH1000 anode on the other side having low refractive index 
of around 1.5, sandwiching the TiO2 layer having a relatively 
higher index of around 2.5). However, the MWε substrates are 
clearly able to mitigate the effect of dielectric mismatch on the 
planar interfaces of PW substrate, which is by wavelength-
selective multiscale coupling of light into the TiO2 layered mul-
tiscale waveguide. The specular reflectance RS (Figure 3d) of the 
device further shows that the MWε substrate reflects a relatively 
lesser light across the spectral band of interest (λ1 = 300 nm to 
λ2 = 800 nm), implying a broadband coupling of incident light 
to the waveguide modes in the MW substrates, thus offering 
experimental proof to the multiscale photonic coupling process.

The origin of the improved uniformity in the optoelectronic 
spectral response in the devices based on the MWε substrates can 
be understood by analyzing the diffuse reflectance RD (Figure 3e). 
The peak of RD at roughly λ = 475 nm, for the device incorpo-
rating PW substrate, contributes to a dip in the EQE around this 
wavelength. On the other hand, the devices incorporating MWε 
substrates show a more uniform RD, without any sharp peak 
around λ = 475 nm. A slight increase in the RD around this band 
contributes to a small dip in the EQE of the device incorporating 
MW20 around λ = 570 nm, thus showing that the light confine-
ment within the multiscale waveguide substrate can be con-
trolled by introduction of discontinuous multiperiodic 2D array 
structures, which can be tweaked through application of mechan-
ical strain during fabrication. The improved spectral uniformity, 
through coupling with in-plane waveguide modes (schematically 
suggested in Figure 3a), however, comes at the cost of a reduced 
total transmittance of the substrate (Figure 6b) and therefore a 
reduced photocurrent from the active layer with electrodes.

2.3. Simulation

2.3.1. Resonant Light Confinement across Multiscale Structures

To understand the origin of the experimental results and 
observations, we simulate the optical transport behavior of the 
devices. For a simplistic computational study, the simulation 

geometry is approximated as a 2D configuration as shown in 
Figure 1e. A unit microcell, 42 µm long, consisting of a linear 
array of 50 nanostructured elements placed alongside the 
planar domains of equal length on both sides of the unit cell, 
is constructed. This gives a periodically repeating microcell that 
is half covered (Cst = 0.5) by the nanoscale features, which is 
made similar to the experimentally observed coverage area of 
the nanoscale features (Section S5, Supporting Information). 
The width of the nanostructured element is w = w0(1 + ε),  
where w0 is the nanostructured periodicity in the master tem-
plate and ε is the strain applied on the PDMS mold, during 
fabrication of the substrates. The 2D geometry does not model 
the compression in the features that occurs normal to the direc-
tion of the applied strain. Simulations are carried out in the fre-
quency domain using finite-element-based modeling scheme in 
COMSOL Multiphysics software. The truncated 2D unit micro-
cell adopted here is a simplified version that does not take into 
account the random distribution of the microscale planar and 
nanostructured clusters and thus it may not exactly model the 
experimental conditions. However, the construction and simula-
tion of an exact 3D model, with conformally coated film layers, 
is highly complicated and computationally intensive. Therefore, 
the 2D model used here is sufficient to predict the nature of 
optical transport occurring due to a discontinuous nanostruc-
tured array. Exact simulations of the random architecture are 
needed for detailed engineering design of devices, which is out 
of the purview of this paper. Here, our attempts are focused on 
understanding new physical processes that may lead to novel 
design. More details about the simulation setup, including the 
governing equations, boundary conditions, and meshing con-
figurations, are provided in Section S6 (Supporting Informa-
tion). The optical transport behavior of the device structures is 
studied in response to an in-plane wave incident on the input 
boundary, and hence for the incident wave, the electric field 
components Ey and Ez are zero and only Ex is nonzero. The 
results in Figure 4a–c correspond to ε = 0, i.e., the periodicity 
of the nanoscale pattern in 400 nm, as in the master template.

The primary resonant peaks in the spectra of the planar wave-
guide-based architectures are shaped differently with the help 
of nanoscale features and further due to shape change in the 
nanoscale features due to application of strain in the mold for 
the substrate. Combined with these effects are the intermittent 
discontinuities of the nanoscale feature array with planar sub-
strate domains, thereby creating a multiscale interaction. If there 
were no interactions between the planar domain and the nano-
structured domains, the absorptance of the photodetectors can 
be estimated by simply averaging the absorptance of the planar 
(n = 0) and the completely covered nanostructured (n = 1) archi-
tectures, weighted by the areal densities (in this case of Cst = 0.5, 
the weights are 0.5) of each domain. That is, in the absence of 
multiscale optical interactions, the absorptance of the device 
multiscale device, with equal areal cover of nanostructures and 
planar domains (i.e., Cst = 0.5), would be given by

1
2

( )superposed 0 1= += =A A An n  (2)

where Asuperposed is the absorptance of the multiscale device that 
is given by the average of the absorptance An=0 of the planar 
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architecture (n = 0, in Figure 1) and An=1 of the discontinuous 
nanostructured array (n = 1, in Figure 1). However, the 
absorptance, Amultiscale, of the device simulated with 50% 

coverage shows marked differences from the simulated linear 
combination (Figure 4a). The spectrum of the difference in the 
Amultiscale and Asuperposed shows three distinct spectral windows 
A, B, and C as shown in Figure 4a. In region A, the multiscale 
structure results in a lesser absorptance than the constituent 
low-level structures. This is because of the resonant coupling 
of light entering from the structured domain into the planar 
domain. There is a subsequent increase in reflectance due 
to leakage from the waveguide (Figure 4b). In region B, the 
absorptance of the multiscale architecture is higher than that of 
both the constituent structures corresponding to n = 0 and n = 1  
(Figure 4a). This is because of weak coupling of light across 
the microdomains, due to wavelength-dependent nature of the 
cross-domain coupling.

This weak in-plane coupling possibly results in a larger 
portion of the light being coupled into the absorber, in the 
spectral window B, compared to the planar (n = 0) and com-
pletely nanostructured (n = 1) architectures. Consequently, 
a larger portion of the incident light is coupled to the active 
layer resulting ultimately in an improved absorptance in region 
B. This filtering of the incident light by the multiscale struc-
ture, which is unlike the effects produced by the planar and 
continuous nanostructured array, results in a more uniform 
absorptance spectrum as seen in Figure 1d, which also explains 
the improved spectral range of the devices. In region C, there 
is a slightly reduced absorptance compared to the linear combi-
nation limit (Figure 4a). This is possibly due to weak coupling 
of scattered light into the planar microdomain and subsequent 
transport of the light out of the device laterally. The simulated 
spectral behavior in regions A and B clearly illustrates the role 
of the hierarchical structure. The resonant coupling of scat-
tered light across microdomains, and the consequent changes 
in the reflectance and absorptance are the processes we refer to 
here as multiscale photonic phenomena, which are not seen in 
the continuum (n = 0) and the perfectly nanostructured (n = 1) 
architectures. This coupling of light across microdomains can 
be further visualized through the electric field patterns shown 
in Figure 1f. Whereas the incident wave has an electric field 
pointing only in the x-direction, the scattered wave patterns 
across the microdomains clearly show guided wave behavior 
with electric field modes having both x and y components. This 
conclusively proves the multiscale guided-wave behavior that 
underlies the improved spectral uniformity in the MWε archi-
tecture. This is a clear example that a hierarchical structure can 
exhibit photonic processes that are not noticeable in simpler 
defect-free structures and can be used to solve practical opto-
electronic design problems.

2.3.2. Effect of Strain

The simulation of the effects of strain is quite complex because 
the actual sample would exhibit nanostructured periodic patterns 
with various parameters involved as seen in Figure 6b,c. Also, 
the simplified 2D model considered here does not consider the 
compression of the features in the in-plane direction normal 
to the applied strain at fabrication. However, a simplified 2D 
approximation of the problem is analyzed here, to obtain tensile 
and compressive effects. When a tensile stress is applied in the 
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Figure 4. a) Simulated difference between the absorptances of the MW 
substrate incorporated unit cell and the average absorptance of the planar 
and completely nanostructured architectures. b) Simulated reflectance of 
the three devices. c) Simulated absorptance of an MW substrate incor-
porated device with Cst = 0.5 as a function of 1D strain applied to mold.
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longitudinal direction (Figure 5d), there is compression in the 
axes perpendicular to the tensile direction. Atomic force micros-
copy (AFM) showed that there were no major changes in the 
height of the nanostructures (Figure 6a,b). However, in the in-
plane direction perpendicular to the direction of the applied ten-
sion, the nanostructures are compressed (Figure 6b) due to the 
Poisson’s effect. Although both tensile and compressive features 
coexist on the same substrate, the simplified 2D model con-
sidered here cannot handle them simultaneously and thus the 
analyses of tensile and compressive features are separately con-
sidered. In reality, there will be interactions between these com-
ponents and a more complex 3D geometry will be required to 
model these interactive nonlinear effects precisely. It should be 
noted here that the epoxy substrates themselves are not strained, 
but only the PDMS mold is strained while the epoxy is cast on 
it, thereby creating a change in the shape of the dome-like struc-
ture. There are distinct effects in the absorptance due to both 
tensile and compressive strains (Figure 4c). Region R1 marked 
on the lower wavelength side has a reduced absorptance, which 
was a consequence of the multiscale photonic transport that was 
explained in the previous section. Regions R2 and R3 show that 
there is a reduction in the absorptance in the mid-wavelength 
range (roughly λ = 475–600 nm) due to compressed and elon-
gated nanostructures, respectively. These effects explain the 
slight dip in the EQE of the device fabricated on the MW20 sub-
strate. We further emphasize here that although a continuously 
nanostructured architecture (Cst = 1.0) can exhibit tunability in 
its spectral response through application of strain fabrication, 
this tunability does not lead to an improved spectral uniformity, 
thus necessitating a combination of a multiscale structure and 
strain to obtain improved performances (see Section S8 in the 
Supporting Information). The actual light coupling processes in 
a real 3D architecture would be much more complex and will 
need extensive computational effort. However, from the perspec-
tive of design, this simplified approach shows that it is possible 
to tune the strain, at the time of fabrication, to simultaneously 
obtain optimal tensile and compressive effects, to effect a 
desired change in the optoelectronic spectrum. Use of mechan-
ical strain as a design parameter would extend nanomolding 
and soft lithography beyond the conventional limits imposed 
by the geometry of the master template. This is the first step 
in the design of more complex multiscale structures that can 
offer novel avenues to finely control the flow of light, leading to 
many interesting applications in photonics and optoelectronics. 
Further, this effort also opens up avenues for theoretical explo-
ration to study complex light transport through multiscale struc-
tures leading to novel solutions to light trapping in photovoltaic 
devices, which exceed the performance limits of current designs. 
Overall, we demonstrate a design-based, technologically viable 
self-assembly-based fabrication of hierarchically structured plat-
forms for better performing photonic and optoelectronic devices.

3. Conclusion

This paper explores hierarchical multiscale patterning in the 
context of multiscale photonic processes. We identify the basis 
of the multiscale optical transport phenomena that do not man-
ifest in the constituent lower length-scale structures and tap 

these coupled processes to solve the problem of spectral shaping 
in photodetectors. Particularly, we fabricated multiscale wave-
guides consisting of microscale clusters of planar and nano-
structured subdomains and demonstrate that these waveguides 
can be used as substrates for optoelectronic spectral shaping 
in photodetectors. The use of multiscale structures leads to 
resonant coupling of scattered light from the nanostructured 
domains to the planar domains, a process that can occur only 
in a hierarchically structured architecture, consequently leading 
to suppression of the unwanted spectral features regarding 
optoelectronic performance. The nanostructures are further 
shaped using a novel mechanical strain applied during molding 
process through which the spectral uniformity of photodetec-
tors built on these platforms was enhanced by nearly 10%. 
The multiscale waveguide substrates fabricated with different 
strains are incorporated in photodetectors for simultaneously 
improving the spectral range and uniformity of the spectral 
band. This study shows possibilities to extend the limits of soft 
lithography beyond the limits of conventional molding and geo-
metric parameters or resolution through the development of a 
mechanical-strain-assisted nanomolding process by which the 
optoelectronic spectra can be tuned. The experimental results 
supported by simulation results confirm the advantage of such 
unconventional approaches involving multiscale or hierarchical 
design and fabrication, and thus are expected to pave new 
avenues to solve optoelectronics-related engineering problems 
through hierarchical and multiscale structuring of materials.

4. Experimental Section
Multiscale Substrate Fabrication: Multiscale patterns were obtained 

using a soft-lithography-based two-step molding that has been 
demonstrated in an earlier work.[16] With this technique, a monolayer of 
polystyrene nanospheres of diameter 400 nm was formed on a silicon 
substrate. Here, the fabrication process was further modified to tune 
the nanostructured features beyond the limits of the master template 
by applying mechanical strain. For this, the silicon substrate was placed 
at the center of a mold that resembled a standard tensile test specimen 
(Figure 5a) as per ASTM E8 standard.

The monolayer formed due to the nanospheres on silicon was 
discontinuous (Figure 5b) resulting in the formation of a network of 
nanostructured clusters interspersed with planar islands. The planar and 
the structured domains extended over a larger length scale ranging up 
to a few tens of micrometers. The domain sizes of the planar and the 
structured regions were further amenable to tuning through a simple 
variation of dilution parameters of the starting solution.[16] PDMS was 
cast into this mold and cured at 65 °C for 6 h in an oven. The PDMS was 
then peeled off and it held the inverse pattern of the monolayer, namely, 
a nanocup array network separated by the planar domains, embedded 
in the tensile specimen. The PDMS mold was then fixed across the two 
holders and a longitudinal tensile strain was applied as schematically 
shown in Figure 5d. Subsequently, the optically transparent substrates 
were fabricated at room temperatures by casting a transparent epoxy 
(Araldite LY5052, Huntsman) on the stretched PDMS mold, and allowing 
it to solidify over 24 h, while keeping the mold stretched during the 
curing process. In addition to the multiscale pattern resembling that 
on the master template, the cured epoxy structures have multiperiodic 
nanostructured features, which arise as a result of using a strained 
intermediate mold. The details of the setup for applying controlled strains 
on the PDMS mold are given in Section S2 (Supporting Information).

Figure 6a shows the hexagonal closed-packed 2D crystals 
(d = 400 nm) having closed-packed nanosphere templated structures of 

Adv. Optical Mater. 2019, 1900471
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Figure 5. a) The multiscale silicon/polystyrene sphere master template, with a sphere diameter w = 400 nm placed in a mold based on tensile test 
specimen. b) Scanning electron microscopy image of the master template showing a discontinuous network of nanostructured regions interspersed 
with the planar regions. c) The nanostructured domain showing the hexagonally self-assembled nanospheres on the master template. d) Schematic of 
the inverse PDMS template with an applied strain on which the epoxy substrate material is cast under a constant strain applied to the mold.

Figure 6. AFM images of the morphology of the nanostructure in the epoxy substrates fabricated with mechanical strains of a) ε = 0.0 and b) ε = 0.2 on 
the PDMS mold. c) AFM image illustrating the random orientation of crystallites within a substrate leading to a range of nanostructured periodicities 
across the various regions of the substrate. In (a)–(c), the blue dotted double-ended arrows on the top of the images indicate the approximate direc-
tion of the applied tensile strain (i.e., the reference x-axis). d) The large-area topography of the epoxy substrate showing a two-level structural hierarchy 
with an average height difference of 350 nm captured by an optical profilometer.
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nanostructured array in the finally formed epoxy substrate without any 
externally applied strain, although there could be residual strains due to 
curing of epoxy. Figure 6b shows the morphology of a nanostructured 
crystallite fabricated with a strained mold, with ε = 0.2. As seen here, the 
strained PDMS mold led to the breaking down of the monoperiodicity 
into three different lattice constants d1, d2, and, d3.

Further, since each crystallite has a random in-plane orientation, 
within the defective 2D crystal in the master template, a strained mold 
led to a range of periodicities in terms of the lattice constants d1, d2, and 
d3 (Figure 6c) across various regions in the sample. In Figure 6c, the 
crystallites A, B, and C have different orientations and hence different 
lattice constants. At a larger scale, the 3D surface profile obtained 
using an optical profilometer revealed the formation of planar and 
nanostructured microscale domains on the epoxy, with an average 
height difference of roughly 350 nm between the domains, which was a 
little lesser than the diameter of the nanosphere (Figure 6d). This further 
verified the successful transfer of the multiscale pattern resulting from 
the discontinuous monolayer in the starting template. The fabrication 
method developed here can be extended to large values of strain, as 
demonstrated by the data in Section S3 (Supporting Information). The 
morphological details of the multiperiodic nanostructures on the epoxy 
for strains as large as ε = 40% are provided. Therefore, the strain-
assisted method developed here significantly extended the capabilities 
of self-assembly-based nanofabrication beyond the conventional limits 
of the monoperiodic master template.

Device Fabrication: A 300 nm thick TiO2 layer was deposited on 
the planar and multiscale patterned substrates that are referred to as 
PW and MWε substrates, respectively, where ε in the subscript is the 
percentage strain applied on the PDMS mold during the fabrication of 
the epoxy substrate. In the context of the photodetector, the TiO2 film 
formed a high-index (≈2.5) core of a dielectric waveguide that was 
sandwiched between the low-index substrate (≈1.5) on one side and the 
anode (≈1.5) on the other side.

Light can be confined within the waveguide through resonant 
scattering by the nanostructures in the MWε substrates, while in the 
PW an optical confinement can occur only through standing waves 
formed due to planar interface in the sandwich structure. Although 
any absorber material could be chosen for this purpose, an organic 
bulk heterojunction absorber was chosen, which can be easily solution 
processed at a relatively low temperature compared to inorganic 
materials. The device structure was as follows: MWε/PH1000 (200 nm)/
PEDOT:PSS(≈50 nm)/PTB7:PC71BM (150 nm)/Al (100 nm). The PH1000 
layer was a solution-processed anode layer. This was spin coated 
over the waveguide substrate at 1000 rpm for 60 s. It yielded a sheet 
resistance of around 116 Ω sq−1.

PEDOT:PSS is a hole-selective layer that was spin coated over 
PH1000, at 5000 rpm for 60 s. Both these layers were individually 
annealed at 95 °C for 30 and 15 min, respectively. The absorber was a 
bulk heterojunction formed between PTB7:PC70BM that was spin coated 
at 600 rpm for 150 s. The samples were further exposed to pressure of 
roughly 5 × 10−6 mbar for 3 h in a vacuum chamber following which an 
aluminum cathode layer of 100 nm thickness was deposited at a rate 
of roughly 1–3 Å s−1. The finished devices were characterized by their 
spectrally resolved optical and optoelectronic response in terms of their 
transmittance and reflectance spectra, and external quantum efficiency.

Supporting Information
Supporting Information is available from the Wiley Online Library or 
from the author.
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