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A B S T R A C T   

Indium tin oxide (ITO) coatings have been proposed to reduce thermal emission losses for solar thermal appli
cations. Unfortunately, ITO also has a large amount of free charge carriers (~1 × 1020 per cm3), which absorb 
sunlight. To address this issue, we propose a nano-patterned ITO-coated quartz exhibiting both anti-reflectivity 
(to maximize solar transmission) and low emissivity (to minimize long wavelengths radiative losses). A record 
small-size nanosphere (~60 nm) etch mask was prepared via double self-assembly, followed by dry etching and 
characterisation. In parallel, alternative nanopattern geometries were modelled using the Lumerical FDTD 
software to optimise short wavelength transmission without diminishing the inherently low emissivity of 
unetched ITO. It was found that an inverted moth’s eye pattern (height = 250 nm and spacing = 80 nm) gave the 
best results at various solar concentrations (1 sun @ 100 ◦C, 10 suns @ 400 ◦C, and 100 suns @ 600 ◦C), resulting 
in ~7% improvement in the solar weighted transmission as well as a similar boost in the overall efficiency factor 
for selectivity. It was concluded that if the proposed deposition/etching processes can be cost-effectively scaled 
in a continuous process, it would provide a net performance boost for most solar thermal technologies.   

1. Introduction 

1.1. Solar thermal collectors 

The cover of a solar thermal collector provides a critical ‘window’ 
into the overall efficiency of the collector. Although it may seem 
straightforward, the cover dictates how much sunlight transmits to the 
absorber and the bulk of the radiation and conduction heat losses 
leaving the solar collector (to the environment). In a typical solar col
lector, the cover is made of either low-iron glass or, in some cases, UV- 
resistant plastic [1,2]. Solar glasses can usually transmit more than 90% 
of incoming light, but they are typically not designed to stop the long 

wavelength emission from the absorber [3,4]. Thus, a typical low-iron 
glass has a large black body-weighted emittance, up to 87% [5]. This 
indicates that bare glass cannot be relied upon to manage outgoing 
thermal radiation. This may not be an issue for photovoltaic collectors 
(which operate better at lower temperatures [6]) or for solar thermal 
collectors which have a selective surface absorber (which controls 
long-wavelength emission at its source). However, the emerging tech
nologies of photovoltaic/thermal (PVT) collectors and direct absorption 
solar collectors (DASCs) are often designed to operate at elevated tem
peratures and have relatively high (undesirable) radiation heat transfer 
losses [7]. For these systems, the cover serves as a final defence against 
radiation losses [8]. 
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1.2. ITO coatings 

Selectively transmitting materials (i.e., heat mirrors), have been 
employed for many years as architectural glazing and for various optical 
applications, but these are not optimised for transmitting the whole 
solar spectrum (which includes some IR wavelengths up to 2.5 μm) [7, 
8]. Table 1 provides an overview of these materials. 

As can be noticed from Table 1, although it is a function of tem
perature and was not reported in all the studies, the lowest long wave
length emittance was 0.1. For the cover material, ideally, there should 
be 100% transmission in 0–2.5 μm and 100% reflection in 2.5–40 μm 
[7]. Obviously, this cannot be achieved in practice but Table 1 indicates 
two things. Firstly. majority of the studies focus on opaque surfaces 
while transparent surfaces are relatively under-investigated. Secondly, 
there is room for improvement in boosting transmission in ’long-
wavelength emission control’ coatings. 

Overall, indium tin oxide, ITO (commonly fabricated via magnetron 
sputtering [15–18]), has compellingly shown to be the best ‘selective 
transmitter’ [7] when ranked against other transparent conducting ox
ides at a variety of solar concentrations and operating temperatures 
(100–600 ◦C) [20]. 

However, ITO has not yet been nanopatterned to improve the overall 
optical performance (from 0 to 40 μm) of solar thermal cover material. 

1.3. Tunable subwavelength structures 

Subwavelength structures (SWSs) represent an emerging approach 
achieving a high level of control over a material’s optical properties. 
One of the applications of such structures is realising surfaces with the 
anti-reflective property. SWSs can be periodic (i.e., ordered in hexagonal 
or squared arrays [21]) or stochastic (i.e., random) [22]. The degree of 
order or randomness is very important when attempting to model such 
structures. Highly ordered structures can be modelled relatively accu
rately, whereas random SWSs are harder to predict [23]. It has also been 
reported that periodic SWSs result in less scattering loss compared to 
their random counterparts [24]. SWSs can have a wide range of shapes 
(domes, blocks, cones, pyramids, rods, pillars, etc.). Notably, tapered 

cones and rounded caps can be produced to be similar in morphology to 
natural moth-eye protuberances, which are essentially graded-index 
anti-reflective coatings [21,25]. Nano-rods or nano-pillars are also 
often reported in the literature due to their simpler fabrication (i.e., dry 
etching). Importantly, care must be taken to ensure that SWSs do not 
simply decrease reflection at the expense of lower transmission due to 
higher absorption (i.e., via multiple internal reflections), refraction loss, 
scattering loss, or any combinations of these factors [26]. The two most 
important design variables in a given SWS are structure height (h) and 
periodicity, (Λ), both of which critically influence optical performance 
[21–24,27–30]. 

With respect to the height (h), the seminal study by Clapham and 
Hutley [28] on the moth’s eye structure, indicated that the ideal height 
is related to the wavelength(s) (λ) of interest, and can be characterised 
by a critical ratio of h/λ ≈ 0.4 [28,29]. For the visible region, this limits 
the recommended height of ≥250 nm [28]. 

Regarding periodicity (Λ), an array of structures on a surface 
(depending on their size) may enable a coating to act as a selective 
grating on the surface [31]. When the periodicity is significantly less 
than the incident light’s wavelength Λ < λ, the incident light only ex
periences the far-field, effective refractive index of the pattern (i.e., 
somewhere between air and the solid medium) [32]. It should be noted 
that the apparent size of the pattern may change based upon the incident 
angle, so to ensure effective transmission through the structure at obli
que incident angles (of up to 60o), Λ < 0.5λ/n (where n is the refractive 
index of the material) [29]. 

According to Table 1, there is no study on patterned ITO for solar 
thermal applications. Thus, in the current study, the aim is to pattern an 
ITO-coated glass cover. 

1.4. Fabrication techniques 

From a fabrication perspective, a smooth ITO surface has been 
patterned using either additive methods (e.g. pulsed laser deposition 
[14]) or subtractive methods (e.g., laser ablation [33] and etching [34]). 
To the authors’ knowledge, the smallest ITO features that have been 
fabricated via wet etching in the literature were 250–1100 nm (i.e., 

Table 1 
Overview of selective coatings, with emphasis on ITO-based films for solar applications.  

Study 
Type 

Film Composition Fabrication Technique Application Results(s) Reference 

Exp. GZO* Sputtering and rapid thermal 
annealing 

Thin film photovoltaics  • Film annealed at 570 ◦C showed the highest 
transmission 

[9] 

Exp. TaTO** Magnetron sputtering High temperature solar 
thermal  

• Optical and structural stability of the layer up to 
1073 K in vacuum 

[10]  

• The optimised layer stack had reflective losses of 
<0.05 and decreased the emissivity to <0.3. 

Num. and 
Exp. 

ITO vs. AZO***w/w/o an 
anti-reflective bottom layer 

Manufactured by Euroglas, 
Germany 

Single- and double-glazed 
flat plate solar collectors  

• Solar transmittance: 0.83–0.86, normal emissivity: 
0.19 and 0.30. 

[11,12]  

• ITO beats AZO in chemical resistance and 
emittance while AZO beats ITO in economics and 
ecology. 

Exp. ITO thin films on glass Femtosecond laser Thin film photovoltaics  • Irradiation on both the top and bottom of 
micropatterned samples studied 

[13] 

Num. and 
Exp. 

ITO-based Pulsed laser deposition High temperature solar 
selective absorber  

• Solar absorptance: 0.76 [14]  
• Thermal emittance: 0.12 at 800 ◦C  
• Cut-off wavelength: 1.7 μm 

Num. and 
Exp. 

ITO coating on Ta Radio-frequency magnetron 
sputtering 

High temperature solar 
selective absorber  

• Hemispherical total emittance: 0.11 [15,16]  
• Solar absorptance: 0.71 

Exp. ITO coated tungsten Magnetron sputtering and 
interference lithography 

High temperature solar 
selective absorber  

• Cut-off wavelength: ~1.5 μm, [17]  
• Hemispherical total emittance: 0.16  
• Solar absorptance: 0.83 

Num. and 
Exp. 

ITO coated tungsten Radio-frequency magnetron 
sputtering 

High temperature solar 
selective absorber  

• Identified optimal ITO properties [18]  
• Solar absorptance: 0.95  
• Hemispherical emittance: 0.10 at 973K. 

Num. Two ITO-based films n/a Parabolic trough evacuated 
collector tubes  

• Less heat loss due to lower outer surface emissivity 
and higher inner surface reflectivity 

[19] 

*: Gallium-doped zinc oxide, **: Tantalum doped tin oxide, ***: Aluminium-doped zinc oxide. 
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sphere-shaped protrusions [35]). Since the peak of the solar spectrum 
occurs at ~530 nm and there is appreciable solar energy down to 250 
nm (UV light), 250+ nm feature sizes will fail the Λ < 0.5λ/n periodicity 
condition mentioned above, leading to a potential loss of solar trans
mission. Dry etching presents a potential pathway towards smaller 
feature sizes, and it can produce repeatable, uniform, high throughput 
patterns [36]. To achieve a nanopatterned sample using this technique, 
though, a small feature (<250 nm) etch mask layer must be produced 
first. Such an etch mask can be prepared through several methods such 
as in block co-polymer lithography [37,38], holographic lithography 
[39], nanosphere lithography [40], etc. Nanosphere lithography can 
exploit polymeric spheres (e.g., nanoparticles of polystyrene (PS)), but 
deposition of a monolayer of such small particles remains a challenge. 
Potentially reliable and scalable processes for nanosphere lithography 
are Langmuir-Blodgett (LB) deposition and double self-assembly (DSA) 
[41–43]. However, to the best of authors’ knowledge, the smallest 
diameter size of PS spheres that have been deposited in a monolayer is 
~200 nm [44,45]. In this study, we aim to significantly push the 
small-scale limits of this technology down to ~60 nm PS spheres. If 
achieved, ~60 nm feature size can pass the Λ < 0.5λ/n periodicity 
condition for the short wavelength solar spectrum. 

1.5. Modelling methods 

Anti-reflective SWSs can be mathematically modelled via several 
methods such as effective medium theory (EMT) and finite-difference 
time-domain (FDTD) modelling [46]. The choice of method depends 
on the SWS under study and the parameters of interest (e.g., the porosity 
or the shape). For example, EMT is useful for modelling uniformly 
patterned SWSs. However, EMT loses accuracy for complex shapes or if 
randomised features are required, including those due to manufacturing 
error. There are also different EMT models such as the Bruggeman model 
which has a wider range of applicability than the Maxwell-Garnett 
model [47]. Stavenga et al. [48] used the Bruggeman [49] model to 
divide a paraboloid-shaped SWS into 100 layers to calculate the reflec
tance properties of moth eyes [48]. Choi et al. also used the Bruggeman 
EMT, but for tapered porous SWSs made of PMMA and ITO [50]. FDTD 
methods, which require computational modelling software, are 
increasingly being used to design and analyse the optical properties of 
complex SWSs in the literature [46]. This trend is likely due to the su
perior accuracy and versatility of FDTD methods in replicating specific 
geometries and non-uniform patterns, including representing “realistic” 
SWSs from imperfect manufacturing methods. 

This study aims to model both the real nanopatterned ITO-based 
cover fabricated in this work along will a variety of related morphol
ogies. Thus, the FDTD method was selected for the simulations since it 
can account for a wide range of geometries. 

2. Simulative and experimental methods 

As discussed in the Introduction, although patterning ITO via (sub- 
200 nm) nanosphere lithography has not been attempted, the geometry 
of the SWS pattern can be roughly fixed by the optimum values reported 
in the literature, which are dependent on the incident wavelength 
spectrum. As noted above, the particle diameter dictates the periodicity 
[40]. To minimise scattering loss the periodicity of desired SWSs in the 
current study was chosen as less than one tenth of the wavelength [51]. 
This section overviews the procedures for manufacturing the ITO sam
ples, etch mask preparation (via self-assembly technique), the etching 
process, and the modelling. 

2.1. Fabrication of ITO samples 

The optical constants assumed for ITO were used as per a previous 
study from the co-authors [8]. To calculate the ‘bulk’ optical properties 
(i.e., transmission and reflection spectra), these constants were plugged 

into OpenFilters (a free optical analysis software [49]). These spectra 
were then supplied to an ITO manufacturer. 

The ITO-coated quartz samples were fabricated with a batch-type 
magnetron sputtering machine (modified from Shincron) by ITO 
manufacturer GEOMATEC (Yokohama, Japan). 

As might be expected, the fabricated ITO samples (a flat coating) did 
not exactly match the modelled flat ITO properties (via OpenFilters 
modelling) due to (three) fabrication limitations. Firstly, the OpenFilters 
model assumes uniform thickness and zero surface roughness, which 
does not occur in reality. Secondly, since ITO films are typically fabri
cated with high electrical conductivity for the electronics industry [52], 
the equipment has not been optimised for optical transmission (e.g., 
relatively low free carriers). Thirdly, contamination (from previous 
runs) and imperfect process control can lead to non-ideal optical prop
erties [53]. 

2.1.1. Characterisation of the flat, unetched ITO 
The first step in this study was the characterisation of the as-received 

unetched ITO (which was deposited on a quartz substrate) to determine 
the features (optical properties, surface structure, and roughness). 

2.1.1.1. Optical properties. Ellipsometry measurements were used to 
obtain the optical constants of the flat, unetched ITO samples. This was 
done using two different instruments, an ellipsometer (a JA Woollam 
Variable Angle with a spectral range of 193–3200 nm) and an FTIR 
ellipsometer (a JA Woollam IR-VASE, with a spectral range of 1.6–40 
μm). The modelling for the latter measurement was done using the 
commercial WVASE application from J.A. Woollam, which provided the 
optical constants along with the mean squared error (MSE). To model 
the optical constants of the former, the WVASE measurements were used 
with the Complete EASE software (also from J.A. Woollam). The optical 
constants obtained from the modelling were used for the FDTD simu
lations of the ITO SWSs. Additionally, the optical properties of the 
unetched ITO (transmission and reflection spectra) were measured using 
a PerkinElmer Lambda 1050 UV–VIS spectrophotometer (280–2500 
nm). 

2.1.1.2. Surface characterisation. The ITO samples were inspected to 
ensure that the samples could be safely prepared for further processing 
(i.e., etch mask deposition followed by etching). Scanning electron mi
croscopy (SEM, FEI Nova NanoSEM 450 FE-SEM and FEI Nova NanoSEM 
250 FE-SEM and Field Emission Scanning Electron Microscope 
JSM6700F from JEOL) and atomic force microscopy (AFM, Bruker 
Dimension ICON SPM) were used to analyse the surface structure and 
measure the surface roughness. 

2.2. Etch mask preparation 

The deposition of polystyrene on the ITO-coated substrate was car
ried out via double self-assembly (DSA). 

2.2.1. Materials 
Hexylamine (99%) and sodium dodecyl sulfate (SDS, >99.0%) were 

purchased at Sigma Aldrich. For the deposition of the monolayer of the 
PS nanospheres, high purity water with a resistance of 15.0 MΩ⋅cm 
(25 ◦C) was used, and it was prepared by a Milli-Q device. 

Of the monodisperse bead available on the market, ~60 nm poly
styrene (PS) beads (3000 Series Nanosphere STD 60 nm) were selected 
for the present study. 

2.2.2. DSA technique 
The deposition of the monolayer of hexagonally packed nanospheres 

was performed similarly to the process described in Ref. [42]. A sche
matic explanation of the DSA process is illustrated in Fig. 1. In this 
process, hexylamine functionalized PS nanospheres are distributed on 
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the water surface by a syringe, forming a loosely packed monolayer. 
Then, ~100 μl of the 10 wt % SDS water solution was added at the edge 
of the Petri dish, so that the PS nanospheres will be pushed together 
during the spreading of the SDS molecules on the water surface, forming 
a densely packed (hexagonal) monolayer of PS. Next, the PS monolayer 
will be attached to the sample placed beneath as the water level drops by 
pumping out the water. This process relies on the pressure exerted by the 
SDS molecules to stabilize the PS monolayer, ensuring a reliable transfer 
of the monolayer. It should be noted that the PS nanospheres as well as 
the SDS molecules rearrange themselves (self-assembly) during the 
transfer, so by controlling the relative concentrations and process con
ditions, it is possible to produce a conformal coating of PS monolayer on 
complex 3D surfaces. Finally, after the deposition, the samples are dried 
in a furnace at 80 ◦C for 15 min to remove the dispersant (water). The 
quality of the prepared etch mask was investigated by taking several 
random SEM images from different spots of the samples. 

2.3. Dry etching 

After the deposition process (using the DSA technique), the ITO 
pattern can be produced by dry etching around the PS particles. In this 
study, a reactive ion etching tool (from Oxford Instruments - Plasmalab 
System 100) was employed, using a previously developed recipe based 
on [54] (i.e., with CH4+H2) and the values presented in Table 2. 

2.3.1. Post-etching characterisation 
The dry etched sample was optically characterised using a UV-VIS 

spectrophotometer (Cary 5000 UV-VIS-NIR, 175–3300 nm). 
Several SEM images were taken to determine the surface structure 

after the etching. The etch depth was also estimated by removing a small 
area of the etched sample via focused ion beam (FIB) followed by SEM 
imaging. 

2.4. SWS simulation and emittance calculation methods 

An FDTD modelling software, Lumerical, was utilised to simulate the 
anti-reflective potential of 250 nm thick ITO patterns (i.e., the 

recommended height from Ref. [28]) with differing geometries (i.e. 
pillars, moth eyes, inverted moth eye, and holes). Fig. 2 below shows the 
range of options studied in this work along with the side-view schematic 
of the sample (i.e., ‘Exp. Etched’) which was experimentally etched (see 
subsection 3.3). 

To replicate the experimentally etched sample of ITO, where only 
partial etching was obtained, a three-layer system consisting of 
patterned ITO, ITO, and quartz was also simulated (see Fig. 3). A few 
geometries were compared here to investigate which represented the 
real etched sample and also to see if this stepped ITO layering could be 
more beneficial than a fully etched design. The outermost layer was 
assumed to be a patterned layer of 70 nm thick ITO, (as informed by 
Scanning Electron Microscopy of the etched sample see sub-section 3.3). 
Average known surface roughness was also measured on three random 
spots of the etched sample and the rough surface simulated within the 
FDTD software. 

To choose between these options for the intended application of a 
solar thermal collector, the resultant reflection and transmission spectral 
curves for each design were used to calculate the solar weighted trans
mittance, Tsol (using Eqn. (1) below), and the black-body-weighted 
hemispherical emittance, EBB, (using Eqn. (2) below). For the EBB 
calculation, the spectral range of interest was kept wide, 280-40,000 
nm, to account for emission at room temperature as well as elevated 
temperatures. Based upon Tsol and EBB, a final figure of merit, efficiency 
factor for selectivity, the EFS (defined as Eqn. (4) below), was used, 
based upon prior work [7]: 

Tsol =

∫2500

280

T(λ) G(λ) dλ

∫2500

280

G(λ) dλ

(1)  

EBB =

∫∞

0

E(λ) IBB
λ dλ dθ

∫∞

0

IBB
λ dλ dθ

=

∫∞

0

E(λ) IBB
λ dλ dθ

σT4
cover

(2)  

IBB
λ =

2ɦc2

λ5( e
ɦc

λKTcover − 1
) (3)  

EFScover =
GCrTsol − TBBσT4

abs − EBBσT4
cover

GCr
(4)  

Where the parameters in the above equations, λ, G(λ), T(λ), E(λ), Iλ
BB, 

Tcover, σ, θ, ɦ, c, K, and Cr represent wavelength (nm), irradiation in the 
AM1.5 spectrum (W/m2), the transmittance of the cover (at each 
wavelength), the emissivity of the cover (at each wavelength), Planck’s 
function, the cover temperature (Kelvin), the Stefan-Boltzmann constant 
(5.67 × 10− 8 W/m2 K4), angle (radians), Planck’s constant (6.626 ×
10− 34 m2 kg/s), the speed of light (2.99 × 108 m/s), Boltzmann constant 
(1.38 × 10− 23), and the solar concentration ratio, respectively. As 
emission occurs in all upward directions, (2) must be also integrated 
over a 2π solid angle. Pulling this all together, Tsol, EBB, and EFS (at key 
operating conditions) of samples are estimated numerically. 

To calculate EFS (Eqn. (4)) the absorber temperatures are assumed to 
be 373.15, 673.15, and 873.15 K; the cover temperature can be esti
mated using the following: 

Q
A
×

δ
k
= ΔT = Tabsorber − Tcover (5)  

where δ and k are the thickness and thermal conductivity of the cover. 
The ITO-coated cover in this manuscript is made of 1.1 × 10− 3 m thick 

Fig. 1. Schematic view of the DSA process of the functionalized polystyrene 
nanospheres; a) PS nanospheres self-assembly on the water surface, where the 
lavender square depicts the sample placed beneath the water prior to the dis
tribution of the PS nanospheres. b) SDS molecules push the PS nanospheres 
together to form a densely packed monolayer which can be deposited on the 
sample by pumping out of the water; c) Enlarged coated sample with a PS 
monolayer after drying. 

Table 2 
The utilised dry etch recipe.  

Parameter Value Unit 

Gas Flow Rate CH4: 25, H2: 10 sccm 
Pressure 10 mTorr 
RIE Power 150 W 
ICP Power 500 W 
Bias 513 V 
Substrate Temperature 65 oC 
Time 2 min.  

M. Motamedi et al.                                                                                                                                                                                                                             



Renewable Energy 210 (2023) 386–396

390

quartz and 250 × 10− 9 m thick ITO. If the thickness of ITO is overlooked 
(compared to quartz’s), the effective thermal conductivity of the cover 
at 373.15, 673.15, and 873.15 K are ~1.48, ~1.74, and 1.90 W/m K, 
respectively [55]. QA was assumed to be 20% of the incoming energy (i.e., 
Cr × G W/m2). 

3. Results and discussion 

3.1. Plain ITO characterisation results 

3.1.1. Ellipsometry study for plain ITO optical constants 
The ellipsometry results for the current work come from two 

different measurements and can be subdivided into two overlapping 
wavelength ranges (e.g., 280-3300 nm and 1600–40,000 nm). The op
tical constants were modelled in the former region (short wavelengths) 
using a parametric model combining Tauc-Lorentz + Drude, Gaussian 
graded profile, and a surface roughness layer similar to Ref. [56], while 
two Cauchy layers for the substrate and the ITO layer were applied for 
the latter region (long wavelengths), an approach which was similar to 
Ref. [57]. To avoid any local minimum, a careful and thorough global 

search by monitoring MSE was done. The MSE values were ~5 and less 
than one, for both short and long wavelengths, respectively, which show 
a good fit. The fitted film thickness in short wavelengths was approxi
mately 248 nm, which corroborates well with the (nominal) thickness 
provided by the ITO manufacturer, 250 nm. The optical constants for 
short and long wavelengths are presented in Fig. 3. 

Generally, ITO films have a higher refractive index and extinction 
coefficient than bare quartz, which can be attributed to the presence of 
dopants and a relatively high density of free carriers [60]. 

3.1.2. Transmittance and reflectance spectra 
The transmission and reflection spectra of the ITO samples (with the 

ITO-side facing the detector) are presented in Fig. 4. 
As can be seen, the reflection of the ITO-coated sample (unetched, 

~250 nm thickness, on a 1.1 mm quartz substrate) is higher than the 
bare quartz substrate at any wavelength smaller than 700 nm. This can 
be justified by looking at the refractive index of ITO in this range which 
is higher than the bare substrate (see Fig. 4a). This result suggests that 
the addition of suitable SWSs can effectively decrease the reflection in 
this region [24,28]. The lower reflection leads to higher transmission 

Fig. 2. ITO pattern geometries modelled and the side-view of the experimentally etched sample coated on quartz.  

Fig. 3. ITO optical constants: (a) short wavelengths (bare quartz is as a reference [58,59]), (b) long wavelengths.  
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results and higher energy input to the solar thermal systems. Simulta
neously, the selectivity of ITO reduces radiative heat loss from the sys
tem, which can boost thermal efficiency [7]. 

3.1.3. Surface characterisation 
As discussed in sub-section 3.1, the film thickness was confirmed by 

ellipsometry measurements, which showed a good agreement with the 
quoted nominal thickness. From this, the surface of the manufactured 
ITO samples was inspected by several SEM images. No cracks or 
scratches could be found in the images (see Fig. 5a). Additionally, the 
surface structure was similar to the available samples in the literature 
[61]. AFM measurements were also performed on the relatively large 
area (5 μm × 5 μm) to obtain a surface roughness (RSM, Rq) equal to 
~1.96 ± 0.29 nm (see Fig. 5b). This indicates that the unetched ITO film 
had a high degree of uniformity. 

3.2. Deposited etch mask 

Following the PS deposition process using DSA technique, the 
deposition surface was characterised via SEM imaging (see Fig. 6). 

Fig. 6 indicates that although the particle size was relatively uniform, 
there are some gaps and overlapping sections of nanoparticles. The 
overlapping sections likely result from agglomeration in the suspension 
phase, which becomes more prevalent for small particles during the DSA 
process. During the etching process, it is anticipated that the ‘gaps’ 
receive the deepest etching while the overlapping areas have little/no 
etching. To estimate the area fraction of uncoated regions (i.e., gaps 

between particles), the SEM images were analysed using ImageJ, a free 
image processing software [62]. The ‘gap’ area fraction was determined 
to be ~30%. Please note this ‘gap’ area fraction for a perfectly deposited 
hexagonal array etch mask is ~26% [48], so the observed gaps are only 
a few percentage points greater. For the ‘overlapping’ sections, the 
average area fraction was estimated to be ~16%. 

3.3. Etching results 

Next, the etching recipe (mentioned in Table 2) was carried out. 
Before and after the etch process, the samples were characterised again 
using an electron microscope (Fig. 7 provides the results). Importantly, 
as mentioned in sub-section 2.3.1 a focussed ion beam (FIB) process was 
applied to the sample to determine the etch depth in Fig. 7e. This etch 
depth was used as an input to the modelling. 

As can be seen in Fig. 7d and e, the resulting nanopatterns (after 
etching) are stochastic, rather than periodic. The tilted SEM suggests the 
etching depth is ~70 nm while the AFM analysis indicates that the 
nanostructures’ height is 30–50 nm. 

3.4. Modelling results 

As noted above, the modelling was used to investigate the real 
nanopatterned ITO fabricated in this study (on a 1.1 mm of quartz 
substrate) along with the ‘ideal’ ITO-based SWS geometry. As such, the 
aim was to find the most promising SWS designs (including a different 
etch depth, 70 nm) and to understand the impact of manufacturing flaws 

Fig. 4. a) Measured transmission spectra of flat ITO-coated (250 nm thick) quartz sample at short wavelengths (solar spectrum is added for the reference); b) 
Calculated reflection spectra of flat ITO-coated sample at long wavelengths using OpenFilter (black body emission spectrum is added for the reference). 

Fig. 5. Surface characterisation a) SEM image (top view of the sample, ITO on top, the scale bar represents 2 μm), b) AFM image of the sample (ITO on top).  
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and inherent surface roughness effects. 
Fig. 8a and b depict the modelled reflection spectra of the cases in 

which the 250 nm ITO layer was fully (i.e., 250 nm deep) and partially 
(i.e., 70 nm deep) patterned, respectively. The modelled transmission 
spectra of fully (i.e., 250 nm deep) and partially (i.e., 70 nm deep) 
patterned ITO cases are illustrated in Fig. 8c and d, respectively. Addi
tionally, the calculated Tsol and EBB for both 250 nm and 70 nm deep 
etched cases are shown in Fig. 8e. The solar weighted transmittance 
(Tsol) was calculated for each case using the data shown in the insets in 
Fig. 8c and d. Please note for the experimentally etched sample (i.e., 
‘Exp. Etched) the long wavelength data were assumed to be the same as 
“Rough Surface” due to lack of FT-IR reflectance and transmittance data. 
Even though the literature suggests a moth’s eye structure with a height 
of 250 nm can improve light transmission in the visible window [21,26], 
it was found that setting the height is not enough for this application. So, 
depending on other factors such as spacing, light with even higher 
wavelengths (i.e., beyond the visible region) can still interact with these 
nano features, leading to counterproductive higher transmission at these 
wavelengths (see Fig. 8c). As can be seen in Fig. 8d the ‘rough surface’ 
sample overestimated the transmission of the etched sample at shorter 
wavelengths (i.e, <2000 nm). This could be attributed to gaps in the 
prepared etch mask which can cause irregular shapes and internal re
flections (read: higher absorption). Fig. 8e, suggests that a patterned 
surface with nanoholes (height = 250 nm and spacing = 60 nm) can give 
a Tsol comparable to that of the bare substrate and also slightly decreases 

the emittance (EBB) compared to the unetched ITO-coated case. How
ever, the decrease in EBB is at the expense of increasing 
blackbody-weighted transmission (TBB), meaning more heat can trans
mit through the cover despite the lower emittance of the case. As noted 
above EFS metric does a better job of comparing the options for the 
application, which is presented in Table 3. Also, among the 70 
nm-studied cases the best solar weighted light transmission (Tsol =

~0.85) is for a sample with inverted moth eye structures (height = 70 
nm and spacing = 30 nm). 

The calculation of EBB and EFS were done for ‘Exp. Etched’ assuming 
its transmittance and reflectance properties behave the same ‘Rough 
Surface’ (based upon microscopy images) in Fig. 8e and Table 3. Based 
on the results in Table 3 and Fig. 8e the following recommendations can 
be made regarding overall performance.  

• At Cr = 1 (@ 100 ◦C) four cases perform better than the unetched ITO 
(and of course the bare quartz), the inverted moth eye (height = 250 
nm & spacing = 80 nm), the holes (height = 250 nm & spacing = 90 
nm), the inverted moth eye (height = 70 nm & spacing = 30), and the 
moth eye (height = 70 & spacing = 30 nm) resulting in ~7, ~9, ~7, 
and ~3% boost in Tsol, respectively.  

• At Cr = 10 (@ 400 ◦C) both partially etched (i.e., height = 70 nm and 
spacing = 30 nm) and fully etched (height = 250 nm and spacing =
80 nm) inverted moth eye cases are the top performing ones, 
improving Tsol by ~7 and ~8%, respectively. 

Fig. 6. Selected SEM images of a PS-coated ITO sample: a) top-view (the scale bar is 1 μm) b) top-view (the scale bar is 100 nm).  

Fig. 7. SEM imaging of a sample before and after etching: a) Before etching (the scale bar is 5 μm); b) Before etching (the scale bar is 1 μm); c) Before etching (the 
scale bar is 100 nm); d) After 2 min of dry etching (tilted-view of ITO nanostructures on the quartz substrate, the scale bar is 1 μm); e) A tilted-view of the etched 
sample after a FIB sample preparation to measure the etch depth (the scale bar represents 1 μm while the vertical line is 180 nm), f) AFM image of the sample after 
the etching. 
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• At Cr = 100 (@ 600 ◦C) the results suggest that the inverted moth eye 
(height = 250 nm and spacing = 80 nm) marginally beats the holes 
(height = 250 and spacing = 90 nm) leading to ~7% relative boost in 
EFS and ~8% in Tsol. 

Even though the fabrication of pillars should be easier, the etched 
cases were not as promising as the moth eye structures, when EFS was 
considered along with Tsol. However, some manufacturing balance is 
needed because cost represents a key limiting factor for bringing micro/ 

Fig. 8. Modelling and experimental results: a) Reflectance results of the fully etched cases; b) The experimental reflectance and the modelled reflectance results of 
the comparative study (i.e., etched ITO thickness is 70 nm) (NB: the reflectance of ‘Exp. Etched’ was assumed to be the same as ‘Rough Surface’ at long wavelengths. 
The unetched sample spectra were added as references); c) Transmittance results of the fully etched cases; d) Transmittance results of the experimentally etched 
sample (NB: the transmittance of ‘Exp. Etched’ was assumed to be the same as ‘Rough Surface’ at long wavelengths) together with the cases of comparative study. e) 
Solar-weighted transmittance, emittance (@ 400 ◦C), and blackbody-weighted transmittance (@ 400 ◦C) of the cases if the ITO layer could be fully patterned (in the 
z-direction) & the cases in the comparative study (the results for bare quartz and unetched ITO were added as the baselines). 

M. Motamedi et al.                                                                                                                                                                                                                             



Renewable Energy 210 (2023) 386–396

394

nano-fabricated materials and components to renewable energy sys
tems. Most nanofabrication techniques are inherently hard to scale (as 
batch processes) and often require cleanrooms [63]. However, the 
proposed experimental process (i.e., double self-assembly) provides a 
potentially scalable pathway towards a low specific cost process. If this 
technology can be scaled and extended moth eye structures, the added 
cost of such patterning may eventually be justified by the ~7% optical 
performance boost over a typical ~25-year life. 

4. Conclusions and outlook 

This work proposes that nanopatterned, selective ITO covers can be 
designed and fabricated to simultaneously provide low emission (long 
wavelength radiative heat loss) and high (short wavelength) solar 
transmission for solar thermal collectors (compared to a flat ITO-coated 
cover). The investigation described above used both experimental syn
thesis and characterisation as well as FDTD simulations (based on 
measured ITO optical properties). From the experimental perspective, a 
deposition etch mask made of polystyrene nanospheres was prepared 
using the DSA technique. This mask was then dry-etched, characterised, 
and analysed. At the same time, numerous alternative geometries/pat
terns were simulated and compared to the as-produced sample using an 
overall metric, the efficiency factor for selectivity. The main contribu
tions of this study are the following.  

• Experimentally, an etch mask of ~60 nm polystyrene nanospheres 
was produced successfully, which is among the smallest in the 
literature (if not the smallest).  

• The as-produced sample achieved a Tsol = 0.705, EBB = 0.075, and 
EFS = 0.6680 (at best conditions)  

• From the simulations, it was confirmed that although structural 
features much smaller than the desired wavelength cut off can be 
“invisible” to those greater wavelengths, the scale and shape of the 
air gaps are also important to ensure the final optical properties are 
as desired.  

• The inverted moth eye pattern (height = 250 nm and spacing = 80 
nm) was found to give the best result among the studied cases at all 
three solar concentrations 1, 10, and 100 suns, resulting in ~6, ~3, 
and ~7% relative boost in EFS, respectively and ~7% improvement 
in Tsol. 

From an experimental aspect, the synthesis method can likely be 
improved in future work by employing “block co-polymer (BCP) 
lithography” to have better control over spacing. From modelling 
perspective, there are several geometric refinements that could be 
included in future studies to optimise the design for the exact operation 
conditions (e.g., the solar concentrations ratio and operating tempera
tures). Another important, yet unchecked, potential feature of patterned 
ITO designs is that they may have a self-cleaning function (like other 
micro/nanopatterned geometries in the literature). Overall, though, it 
can be concluded that it is indeed possible to get a net performance boost 
for solar thermal collector covers through careful design and synthesis of 
nanopatterned ITO. 
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