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The performance of a plasmonic antireflection layer which can be utilized for deep-space radiationresistant GaSb solar cells is
investigated numerically and experimentally. The layer consists of nanodots made by plasma etching of a GaSb substrate and
subsequent physical vapor deposition of Ag nanoparticles on the nanodot tips, in a partially ordered configuration determined by
the plasma energy level. This technique is readily applicable to patterning of silicon. We measure the substrate reflectivity and model
the reflection and absorption of the substrates using the 3D finite difference time domain (FDTD) method, which are realistically
imported as 3D layers from the scanning electron microscopy (SEM) images. The variation of the height of the Ag nanoparticles on
top of the GaSb pillars shows that the plasmonic effect remarkably enhances the absorption. The presence of GaSb pillars enhances
absorption and tunes the maximum absorption wavelength peak.

1. Introduction
Design and fabrication of cost-effective and efficient photovoltaic solar cells are a challenging task. Generally, nonreflective substrates like silicon are used in solar cells. These
kinds of substrates exhibit high absorption and trapping of
light in the solar cell substrate. However, this enhancement
is confined to a short range of wavelengths. To increase the
operational bandwidth, the silicon substrate is textured using
etchant. This method decreases the reflectivity of the silicon
substrate to the level of 20% reflection [1] and even to 1% in
the case of black Si made by dry plasma etching [2].
Noble metals exhibit plasmonic effects on the surface
of semiconductors and can enhance the absorption crosssection at the active region of a device by several orders
of magnitude. This plasmonic effect is the result of collective oscillation of free electrons in the nanostructures
when illuminated by visible-IR light. The main condition to

achieve plasmonic light enhancement is deposition on noble
metals patterns and layers onto a substrate. Negative electric
permittivity of gold or silver in the visible-IR range is required
for a particle size smaller than the incident wavelength
(i.e. 𝑎 < 𝜆/10, where 𝑎 is the particle size, and 𝜆 is the
incident wavelength) to create strong light field enhancement
in the closest vicinity of the nanoparticle [3–5]. Noble metal
nanoparticles (NPs) deposited on patterned nanostructures
have shown better enhancement of the absorption crosssection in several kinds of solar cells, due to the plasmonic
effect, and have given birth to the new concept of plasmonic
solar cell [6–11]. Recent investigations demonstrated that
partially ordered noble metal nanostructures exhibit further
surface plasmon electric field enhancement up to several
times [12]. By placing the NPs on pillars made from the
same material as the substrate, the interaction between the
metal NPs and the substrate is reduced, leading to a more
pronounced Fano resonance [13].
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Figure 1: Schematic diagram of the fabrication setup: the red circle
shows the sample holder immersed in radio frequency (RF) plasma;
substrate sputtering is controlled via bias of a direct current (DC)
source.

In this work, deep-etched GaSb substrates, forming surface nanodots (NDs), are used as the metallic NPs substrate,
for application in deep-space solar cells. Following a preliminary study [14] we show, for the first time, a systematical experimental evaluation of the reflectivity enhancement
given by NPs grown on NDs, which is much greater than if
the particles were deposited on the bare substrate. Absorption
tuning can be done through the ion energy variation which
defines the size of ND. Moreover, we show by modeling
further possible improvement of solar cell performance
by evaluating the effect of NP height controlled by metal
deposition on tips of NDs. We demonstrate an increased
absorption and reduced reflection due to the plasmonic effect,
which is highly desirable in solar cells.
The proposed fabrication method can be implemented
on silicon substrates, but the GaSb substrates are utilized in
this research because of their excellent radiation resistance
capability in a wide range of visible-IR light wavelengths,
which makes them promising for critically reliable deepspace operation. Metal NPs are obliquely deposited on the
ND using an electron beam evaporator. This method of
oblique deposition of the NPs both simplifies the fabrication
process and enhances the plasmonic effect due to a partial
elongation of the NPs, which makes them tuned to the
polarization of the incident light [1]. The modeling of the solar
cell absorption is carried out using Lumerical software which
is a 3D-FDTD numerical solver of the Maxwell’s equations.

2. Fabrication
The process to build NP-topped NDs is realized in two different phases, which control different geometrical parameters
of the finished structure. In the first step, a commercial GaSb
(100) substrate is epi-polished and bombarded with argon ion
plasma, whose anisotropic etching produces the NDs. In the
second step, a physical vapor deposition (PVD) process is
used to deposit silver at grazing incidence: the ND profiles

shield one another, so that the silver deposition can only
happen on the top, forming separate NPs.
An ultrahigh vacuum (UHV) system was used, depicted
in Figure 1, with a base vacuum level of 10−8 mbar. The
coil behind the quartz window excites inductively coupled
plasma, at a frequency 13.56 MHz and a pressure of 10−4 mbar
of argon gas, which is accelerated on the sample holder by a
potential difference. The sample is biased at a voltage varying
from −600 to −1200 V, which permits a homogeneous plasma
flow at normal incidence. Sample temperature is kept below
100∘ C to avoid temperature-induced change in the surface
topography [15, 16]. At the ion energy range used in the
experiment (600 eV to 1200 eV), the impacting ions lead to
anisotropic etching due to simultaneous surface diffusion and
surface erosion of the sample [17], and a pattern of selforganized NDs is formed [15, 16, 18], which is controlled by
ion energy, fluence, and angle of incidence. The ion energy
controls the height and width of the NDs.
In the second step, silver is deposited on the nanodots by
e-beam evaporation, at a grazing angle of 20∘ . As the NDs
partially shield one another, the deposition is maximum on
the tips, where oblong-shaped NPs grow up to around 20 nm
thickness. In this phase, it is very important to keep the flux
low (0.2 nm/min) to avoid disordered deposition [19]. Our
choice of silver as the plasmonic metal is due to the fact that
in this case, gold NPs show lower plasmonic effect compared
to silver, due to higher interband transition loss in the visible
range around 500 nm, with lower field enhancement [20].
Figure 2 shows the end result of the partially ordered
NP growth on the ND etched substrate, compared with the
irregularly grown particles obtained on a polished GaSb
sample. Atom flux is important as, while the growth happens
preferentially on the tip, a high flow disrupts control on
particle size and silver growth in the interdot gaps shortcircuits them. The amount of deposited silver controls NP
height, while the size of the NP oblong footprint depends on
the relationship between this amount and the ND width.
The experimental substrate considered for modeling is
shown in Figure 3. It has been etched with ion energy of
1000 eV, obtaining NDs of around 100 nm size and up to
55 nm high, and the deposited NPs are 30 to 50 nm in
size. The choice is due to a trade-off: increasing the ion
energy increases the ion impact damage on the substrate
[21] and makes the refractive index less predictable, so we
chose slightly lower energy to preserve substrate quality and
we show that we can make up the difference by depositing
the oblique NPs, and this provides a greater insight for the
numerical study.
The image FFT shown in the inset reveals a more
disordered pattern than the samples previously produced
(Figure 2(b)), which should help reducing reflection. This is
due to the higher ion energy employed in Figure 3 (1000 eV
versus 400 eV), because the etching process (as theoretically
described by integration of the Kuramoto-Sivashinsky equation [21]) naturally delivers long-range hexagonal ordering,
that is progressively disrupted by increasing the ion impact
energy. The power spectral density (PSD, obtained by analysis
software WSxM) of the ions in Figure 3(c) shows a noticeable
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Figure 2: Growth of silver nanoparticles on (a) nonpatterned and (b) dot-patterned substrate. In SEM image (a), NPs are randomly
distributed, while, in image (b), they show short-range hexagonal ordering (NDs are etched at ion energy of 400 eV). The inset shows the
2D-FFT of the image, confirming the ordering (from Rosa et al. [14]).
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Figure 3: GaSb RIE-etched ND substrate with Ag plasmonic NPs: (a) AFM map before NP deposition (image 2D-FFT in inset shows the
degree of ordering) and (b) SEM image of deposited NPs. The etching was performed at 1000 eV ion energy, with power spectral density
(PSD) shown in panel (c).

slope break around −2 (indicated by the green fitting line, and
in certain cases growing into a peak [14]), which gets shifted
to higher wavelengths with increasing ion energy.

3. Experimental Results
The results of systematical reflection measurements of samples as a function of ion energy are shown in Figure 4,
with polarised light illumination at normal incidence. First a
background reflection spectrum was taken from an uncoated
and nonpatterned GaSb surface in the visible wavelength
range of 300–700 nm and after changing the lamp, in the IR
range of 700–1200 nm (the stitching of the two measurements

is recognizable in the plot). The experimental reflection
curve in Figure 4(a) for the NDs before silver deposition
shows that, for increasing ion energy (and thus increasing
ND size [21]), reflection decreases. Figure 4(b) shows the
augmented effect after silver deposition: for ion energy of
1000 eV, the reflection curve shows two localized surface
plasmon resonance (LSPR) dips corresponding to 320 and
480 nm wavelength, as compared with the NDs without NPs.
The sample was found to be optically isotropic.
The two plasmon resonance peaks appear to be arising
due to the partial ordering of the NPs, as in this case not
only dipole excitation but higher ordered terms are also
excited and result in two plasmon resonance peaks [22]. The
NP footprint size and reciprocal distance is linked to the
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Figure 4: Experimental reflection measurements for reactive ion-etched GaSb substrates with different ion energies, (a) before and (b) after
the deposition of Ag NPs on top of the NDs. The black curve in (a) refers to the untreated substrate. Spectral jumps at around 700 nm are
artifacts due to lamp change and an automatic spectral normalization.

ND size, making longer wavelength resonance for increasing
ion energy. A theoretical analysis is not possible due to the
NPs nonregular and oblique shapes; however, these results
are cross-checked in the 3D-FDTD simulations, when we
correct the size of the particles to account for variations of
experimental refractive index of GaSb due to ion impact [21].

4. 3D-FDTD Modelling Results and Discussion
Nanodots are modelled by importing the SEM image of the
etched GaSb substrate. Six layers of the NDs are extracted
by brightness threshold in the SEM image in six levels using
the limit values of 80, 90, 100, 110, 120, and 130, on a scale
between 0 and 255. Silver NPs are also modelled from the top
layer of the GaSb NDs (threshold 130) including three layers
which have been shifted 4 nm in both 𝑥- and 𝑦-direction
to model the oblique nature of the NPs due to the slanted
deposition. The average diameter of the simulated NPs varies,
from around 100 to 120 nm. The thickness of each layer of the
six-layer GaSb NDs is taken as ranging from 0 to 10 nm (total
0 to 60 nm), and the thickness of each layer of the three-layer
NP is taken as 10 nm.
The domain is delimited by periodic boundary conditions
to avoid diffraction of the linearly polarized illuminating
plane wave impinging from the top side. This makes the
substrate periodic, but this has limited influence as the
substrate part included is wide enough to preserve the
random effect. The reflection and transmission are measured
by monitors at top and bottom of the domain, at 500 nm
distance from the etched layer, and absorption is determined
by difference with the normalized source power. The inplane mesh size used is 2 nm, which is appropriate given

that the accuracy is limited by the resolution around 4 nm
of the SEM image used in the graphical import process to
generate the discretized layers. The material models are based
on published experimental refractive index spectra [23, 24],
which are fitted by a multicoefficient polynomial in the time
domain.
The effect of ND height was explored before [14] and
showed a good improvement of performance when the
nonordered patterns are coupled with taller NDs in the case
of cylindrical particles. Figures 5 and 6 illustrate the effect
of oblong silver NPs height on the normalized absorption
and reflection power, deposited on a GaAs substrate without
NDs (Figure 5) and with 55 nm high NDs (Figure 6), which
is the best performing height. The results in Figure 5 cannot
be obtained experimentally and provide insight into the
ND contribution, which shows that the combination of NP
and ND improves reflection and absorption dramatically
below 800 nm wavelength. A reasonable match of the features
around 400 nm is obtained by the increased size of the NPs;
however, the comparison with the experimental result in
Figure 6(a) shows overestimation of the numerical reflection.
We identified four causes for the discrepancies. (1) The
ion impacts disrupt the crystalline GaSb sample, so the
refractive index is different from published values (NDs are
covered by an amorphous layer, and preferential sputtering
alters stoichiometry [21]). (2) The nanoparticle plasmonic
resonance is thus shifted, and we adjusted the size for better
approximation, while keeping the irregular oblong pattern
constant. (3) The objective on the spectrophotometer used to
measure the sample reflection has a finite numerical aperture,
while the simulation result captures the scattered light on
the whole reflection half-space, and thus the reflection values
appear higher. (4) nanometric-sized particles show selectively
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Figure 5: Simulated normalized (a) reflection and (b) absorption spectra of Ag NPs deposited on GaSb substrate without NDs, for varying
NP height ℎ.
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Figure 6: Simulated normalized (a) reflection and (b) absorption spectra of Ag NPs deposited on top of 55 nm high GaSb NDs, for varying
NP height ℎ. The dashed line indicates the experimental result for the 1000 eV fabricated sample from Figure 4. The inset shows the simulated
substrate with the NPs indicated in red, emphasizing the elongation in the direction of deposition.

increased scattering for certain wavelengths depending on
shape and size due to insurgence of magnetic dipole modes
altering polarizability (magnetic light), as was recently shown
[25] and effect is more broadband in our case as there is a
distribution of shapes and sizes.
However, even in such case, it can be seen how by
increasing the height of the NPs the reflection is significantly
reduced, by as much as 10% for height varying from 15
to 45 nm. The difference in absorption for the wavelengths
below 600 nm is quite strong, in fact for the NPs deposited
on the substrate without NDs (where the layer height for the

NDs is put to 0) as there is a 10% improvement in Figure 5(b)
below 400 nm, increasing to around 75% at 250 nm. A similar
effect is seen when the particles are deposited on top of
55 nm high NDs in Figure 6(b), as absorption at 400 nm is
increased by as much as 8% by the NPs, reaching peaks of
98% around 250 nm wavelength. The transmission spectra at
long wavelength are not significantly impacted by the size
variation and are thus not shown.
We envision that further improvements can be achieved
by NPs made with layered Au/Ag alloys, in fact, as the Au/Ag
molar ratio approaches 50% and the plasmon resonance at

6
near-infrared wavelength has strong variations which can be
exploited to find a better performance trade-off [26, 27].

5. Conclusions
We experimentally and numerically investigated solar cell
antireflective substrates based on different-height plasmonic
silver NPs deposited on top of ordered dry-etched 55-nm
GaSb NDs, imported in software by graphical procedure, and
layered to mimic the slanted deposition process. Reflectivity
reduction is given by NPs growing on NDs and is much
greater than if the particles were deposited on the bare
substrate. Further absorption tuning can be done through
ion energy variation of ND size. The simulations show
better performance for taller 45 nm NPs, having maximum
10% absorption improvement at wavelengths below 800 nm,
revealing a promising direction for radiation-resistant solar
energy applications in space. Similar nanotextured surfaces
are promising as templates for photoelectrodes and solar
hydrogen applications [28–30].
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