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Formation of antireflection Zn/ZnO core—shell
nano-pyramidal arrays by O, ion bombardment
of Zn surfaces

Noelia Benito,® Gonzalo Recio-Sanchez,® Ramon Escobar-Galindot© and
Carlos Palacio ( *2

ZnO is probably one of the most studied oxides since ZnO nanostructures are a very rich family of nano-
materials with a broad variety of technological applications. Although several chemical techniques offer
the possibility to obtain such ZnO nanostructures, here we show that the controlled modification of the
zinc surface by low-energy O," bombardment leads to the formation of core—shell Zn/ZnO nano-
pyramidal arrays that suppress the reflection of light decreasing the reflectivity below 6% in the wave-
length range of 300-900 nm. This controlled and scalable protocol opens the door to a broad range of
possibilities for the use of ion bombardment to produce surface modifications for technological
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Introduction

Nanostructures are widely used in electronic and opto-
electronic nanodevices since they improve the properties of
the devices with respect to the direct use of thin films. In this
respect, it is well known that sub-wavelength structures (SWSs)
can improve the optical and absorptive properties of the solar
cells due to an intrinsic antireflection effect." It has been
demonstrated theoretically and experimentally>® that reflec-
tance can be decreased by placing nanowires on a surface
instead of using the thin film counterpart, and, more impor-
tantly, the reflectance can be tuned by changing the filling
ratios (diameter of the nanowire/distance between them).
A plausible explanation of this phenomenon is based on the
fact that the optical properties of nanowire layers are mainly
determined by the diffuse multiple scattering of light. In these
applications based on nanostructures, ZnO plays an important
role since it can display a whole family of nanostructures
where different morphologies and orders, from random distri-
bution to biomimetic forms as moth-eye structures, induce
different properties in the nanomaterials.*™®
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applications in the field of photoelectric devices and solar cells.

Low-energy ion bombardment is a useful tool to generate
controlled chemical modifications of the surface as well as
ordered nanostructures.” *?> However, the fabrication of ZnO
nanostructures has been carried out up to now using different
physical and chemical classical methods such as hydrothermal
synthesis,* sol-gel," LP-CVD,"® sputtering,'* thermal evapo-
ration,"” etc., most of them increasing the temperature up to
500 °C and no attempt has been made to develop such nano-
structures using ion bombardment methods. In this context
we demonstrate that, under the appropriate conditions, a con-
trolled modification of the zinc surface by low-energy O," bom-
bardment leads to the formation of Zn/ZnO nano-pyramidal
arrays that strongly suppress the reflection of light in the wave-
length range from the ultraviolet to the near infrared region.
In fact, the antireflection properties can be controlled through
the ion fluence. These findings enormously increase the range
of possibilities for using reactive low energy ion bombardment
to produce surface modifications for optical technologies.

Experimental methods

The Zn/ZnO nano-pyramidal arrays have been prepared by O,"
bombardment of metallic Zn foil (99.9% purity) provided by
MaTecK GmbH. Substrates were introduced into an ultra-high
vacuum (UHV) preparation chamber next to the main analysis
chamber both at a base pressure in the range of 107'° mbar.
The oxygen bombardment was carried out at 3 keV at a
pressure of 2 x 10~* mbar and keeping the substrate at room
temperature. The ion beam current density, measured with a
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Faraday cup that can be placed in the same position as the
sample holder, was 0.021 mA cm >. These experimental
conditions lead to an ion beam with a flat profile greater than
~1 cm x 1 cm. The angle between the surface normal and the
ion beam was 0°. The fluence was increased sequentially from
0 to 3.9 x 10'® jons per ecm” in six steps. After every step
the substrate was analysed “in situ” by X-ray photoelectron
spectroscopy (XPS) and Auger electron spectroscopy (AES) and,
“ex situ” by atomic force microscopy (AFM), field emission
scanning electron microscopy (FESEM), X-ray diffraction (XRD)
and UV-visible spectrometry. The XPS and AES spectra were
recorded using a hemispherical analyzer (SPECS Phobios
100MDC-5). The pass energy was 9 eV, giving a constant resolu-
tion of 0.9 eV. The Au 4f,,, at 84.0 eV, Ag 3ds,, at 368.3 eV and
Cu 2p3), at 932.7 eV lines of reference samples were used to
calibrate the binding energies. A twin anode (Al-Mg) X-ray
source was operated at a constant power of 300 W, using
Mg Ko (1253.6 eV) radiation. All the spectra are presented after
background subtraction based on a modified Shirley method."®

The morphology of the samples was characterized by
atomic force microscopy in air (AFM, Nanotec) using a SiN
OLYMPUS Micro Cantilevers RC800PSA with a pyramidal
shape of 2.9 pm height and a tip radius of ~15 nm in tapping
mode, the size of the analysed area being 5 x 5 pm, and by
field emission scanning electron microscopy (FESEM, Philips
XL30 S-FEG). The crystal structures of the samples have been
investigated by X-ray diffraction (XRD) using a diffractometer
Siemens D5000 equipped with a Si-Li detector (SolX, Bruker)
and an X'Pert PRO high-resolution diffractometer operating
with the ol configuration (Cu Kol radiation) for grazing
incidence diffraction (GIXRD).

The reflectance spectra of the bombarded substrates and
Zn foil were obtained on a double-beam spectrophotometer
with a double monochromator (Jasco V-560) operating in the
wavelength range of 300-900 nm with a scanning speed of
10 nm s~ %,

Results and discussion

Fig. 1(a—f) show the AFM images of the Zn surface bombarded
with O," with an ion energy of 3 keV, under normal incidence
and at room temperature. The fluence was increased sequen-
tially from (a) to (f); (a) 4.4 x 10"” ions per cm?, (b) 8.9 x 10"
ions per cm? (c) 1.3 x 10" ions per em? (d) 2.2 x 10"
ions per cm?, (e) 3.0 x 10'® ions per cm® and (f) 3.9 x 10'®
ions per cm?. In addition to that, the tilted views of the FESEM
images obtained for (a) 2.2 x 10'® ions per cm?, (b) 3.9 x 10'®
ions per cm” (near the centre of the sample) and (c) 3.9 x 10'®
ions per cm?® (near the edge of the sample) are also shown in
Fig. 2. Both figures illustrate that the development of a mor-
phology of homogeneous and random rod arrays with tapered
pyramidal tops and no long-range order is observed.
Specifically, Fig. 1 shows that the height and width of such
nanostructures increases with increasing the fluence and can
reach maximum values above 1 pm in both cases.
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Fig. 1 AFM images of Zn foil bombarded with O," at 3 keV and normal
incidence using different fluences as explained in the text. The lateral scale
is the same for all images. The vertical scale increases from (a) to (f).

Further insight into the pyramid formation and growth
mechanisms can be obtained by analysing the density of
pyramids. Fig. 3 shows the measured density of pyramids (full
squares) as a function of the fluence. As can be observed, the
results of Fig. 3 point to a two stage mechanism for the growth
of the rod array. Both, Fig. 1 and 3, show that the density and
height of the pyramids increase with increasing fluence, up to
around 1.3 x 10'® ions per em? (first stage). Above this fluence
(second stage), a decrease in the density of pyramids is
observed along with an increase in their height and width and
a more defined shape.

With the aim of understanding the growth mechanisms
of the ZnO nanostructures, we have carried out numerical
simulations using Monte Carlo (MC) procedures involving
two stages for the growth of the pyramidal array. For simpli-
city, we assumed that the analysed surfaces of 5 pm x 5 pm
(Fig. 1) can be represented by a square lattice of 39 x 39 points.
A point of the lattice is selected at random and then each
point can be randomly occupied by a rod (an event) with a
probability p [0 < p < 1] (or it is empty with a probability
1 — p). Every time a position is occupied, we look for the exist-
ence of an occupied first neighbor. If this is the case, the
height growth of the rod is allowed (an arbitrary unit) instead
of allowing the lateral growth of the rod when we have two
occupied first neighbor positions as in the case of percolation
structures. This represents the nanostructure nucleation stage.
The value of p necessary to obtain the maximum rod density is
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Fig. 2 Tilted view of the FESEM images obtained for (a) 2.2 x 10*® ions
per cm?, (b) 3.9 x 108 ions per cm? near the center of the sample and
(c) 3.9 x 10*® ions per cm? near the edge of the sample.

0.19, Fig. 3, this is, obviously, smaller than the percolation
threshold (p. = 0.6) in percolating systems."” Once this con-
dition is fulfilled, the lateral growth of the existing pyramids is
simulated (second stage) allowing diffusion-like processes to
the first neighbors. In such a case, a random point of the
square lattice is chosen, if this position is occupied then the
highest neighbor is looked for and the height growth of this
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Fig. 3 Experimental density of pyramids (full squares) as a function of
the fluence. The red down triangles represent the density of pyramids
derived from the MC simulation. The growth of the nanostructures is
clearly divided into two different stages.

pyramid and its neighbors is allowed with the same probability
(a new event). The results of the MC simulation are given in
Fig. 4, as height maps, for a different number of events (the
number of events in the MC simulation is related to the
fluence in the real experiment). As can be observed, these
results correlate well to the AFM images of Fig. 1. In addition
to this, the density of pyramids has been plotted in Fig. 3 (red
down triangles) as a function of the number of events. Dotted
and dashed lines have been included to guide the eye. Again,

STAGE 1

Height (arb. units)

STAGE2 ——/™™>

Fig. 4 Height maps of the nanostructure growth, simulated using MC
methods, for a different number of events (see the text), (a) 150,
(b) 1000, (c) 4500 and (d) 1 x 108. The height scale is normalized to the
maximum height.
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good agreement between the experimental results and the
simulation is observed, therefore supporting the validity of the
proposed model.

As will be explained later, another important issue related
to the reflectivity of the surfaces is the height of the nano-
structures. Fig. 5(a) shows the distribution of heights for the
pyramidal nanostructures of Fig. 1(d) corresponding to the
maximum density of pyramids (see also Fig. 3) and Fig. 5(b)
shows the distribution of heights for the MC simulated nano-
structures of Fig. 4(b) which also corresponds to the maximum
density of the simulated nanostructures. Both are Gaussian
distributions (continuous red lines), the experimental one is
centered at 470 nm and its full width at half maximum is
162 nm. The height of the simulated nanostructures is given
in arbitrary units normalized to the maximum height, and the
linear relationship between both scales is given on the top of
Fig. 5(b). As can be observed, there is perfect agreement
between both results, therefore indicating that the proposed
MC simulation model for the nanostructure formation and
growth is able not only to correctly reproduce the density of
the nanostructures, but also their distribution of heights.

According to the model put forward by K. W. Pierson
et al.,'® the preferential sputtering and the formation of “seed”
cones/pyramids should be the two main mechanisms respon-
sible for the development of the surface topography found on
our samples. Initially, for a flat surface, the sputtering yield
should be that of Zn (5.7 atoms per ion, calculated using the
SRIM software package'®). For low ion fluences, oxide islands
would nucleate randomly as a consequence of the chemical
reaction between oxygen and the Zn substrate as happens for
the chemical reaction of oxygen with other metal surfaces.>®
Oxide nuclei have a lower total sputtering yield (4 atoms per
ion) than the substrate and then, with increasing fluence, the
Zn substrate will erode faster than the oxide nuclei resulting in
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Fig. 5 (a) Distribution of heights for the pyramidal nanostructures of
Fig. 1(d) and (b) distribution of heights for the MC simulated nano-
structures of Fig. 4(b). Both cases correspond to the maximum density
of nanostructures.
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the formation of a roughened surface topography leading to
cone/pyramid-like structures that grow by surface diffusion.
This surface will now alter the original angular distribution of
the ejected atoms with respect to the surface normal. When
the aspect ratio of the formed nanostructures, defined as the
ratio of the height to the nanostructure width, is greater than
0.5 '® (in our case the aspect ratio is >1 for fluences above 4.4 x
10" ions per cm?®), the total sputtering yield may be indeed
lowered due to the re-deposition “shadowing effect”.'® Also, it
should be noted that Wehner*' showed that the seed cone
mechanism occurs not only for seed materials with a lower
sputtering yield but also for those with a higher melting point
(Ty) than the substrate material as in the case of ZnO (Ty =
1975 °C)** compared to Zn (Ty = 419.5 °C).**> The theoretical
basis of the model was previously developed by R.M. Bradley*?
and it was used to explain the nanostructures reported in
semiconductors as InSb and InP during Ar" bombardment.**
It should be indicated that the above-mentioned mechanisms
are fully consistent with the phenomenological MC model pro-
posed above to reproduce our experimental results. In addition
to this, it is important to note that a rough estimation of the
mean eroded depth during ion bombardment using the
atomic volume of Zn, the sputtering yield calculated from
SRIM (5.7 atoms per ion)"® and the primary ion current
density gives a value of ~3.5 pm for the highest fluence used
in this work (3.9 x 10"® ions per cm?), therefore indicating that
the tips of the pyramids are far away from the original pristine
surface.

Further information on the morphology and chemistry of
the formed nanostructures can be obtained using XRD, XPS
and AES. Fig. 6 shows the GIXRD pattern of the heavily
bombarded Zn surface (3.9 x 10"® ions per cm?). In addition to
this, the GIXRD pattern for the Zn substrate (Zn foil) is also
given for comparison. From Fig. 6 we can see that the main
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Fig. 6 GIXRD spectrum of the heavily bombarded Zn surface (3.9 x
108 ions per cm?). The spectrum corresponding to the clean Zn sub-
strate (Zn foil) is also given for comparison. The inset shows a zoom
image of the indicated region.
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peaks in the XRD spectrum of pure Zn correspond to polycrys-
talline Zn with a hexagonal close packed crystal lattice.>® As we
bombard the sample, the XRD spectra show a mixed pattern
involving Zn and ZnO peaks®>*® which are weaker and broader
than the metallic ones and are visible for high fluences at
20 ~ 34.4° (see the inset), which corresponds to the (002)
direction of the hexagonal ZnO structure. A peak should
appear at 20 ~ 31.7° corresponding to the (100) direction but it
is blurred by the noise. The peak at 26 =~ 36.2° corresponds to
the overlap of the Zn (002) and ZnO (101) directions. The
broadening of the ZnO peaks should be attributed to crystal
lattice distortions and structural defects produced during ion
bombardment. As we will discuss later on the basis of AES
results, the presence of ZnO peaks is related to the existence of
a very thin ZnO film covering the nanostructures.
Complementary information on the chemistry and thick-
ness of the film can be obtained using XPS and AES. It should
be pointed out that the variations of the Zn 2p3,, peak associ-
ated with the oxidation during O," bombardment are very
weak (only a small shift of around —0.4 eV and a FWHM
increase of around 20% with respect to the clean Zn surface).
Therefore, Zn Auger spectra have been used to analyse the
chemical changes appearing during oxygen bombardment.
Fig. 7 shows the change in the Zn L;M,sM,5 X-ray excited AES
spectra observed during O," bombardment (left side). The
sequence of the fluence variation from (a) to (f) has been
described above. The AES spectra of clean Zn and ZnO are also
included for comparison. The doublet at around 992 eV and
994.8 eV is due to the Zn® metallic state whereas that at
987.5 eV and 990.6 eV is attributed to the oxidized Zn
(zn>* state) in good agreement with the previously published
results on the initial oxidation of Zn.*’ It should be indicated
that the metallic features are clearly observed for all fluences.
Since the probed depth is roughly three times the attenuation
length of the L;M,5M,5 electrons (4 = 1.2 nm (ref. 28)), the
thickness of the oxide film formed on the nanostructures
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Fig. 7 Zn LsM45M4s X-ray excited AES spectra obtained during O,*
bombardment (left side) and O 1s XPS spectra (right side) for the same
sequence of fluence variation. The sequence for the fluence variation
from (a) to (f) is explained in the text.
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should be around 34/, that is, 3.6 nm thick, which is in good
agreement with the ion range calculated using the SRIM soft-
ware package'” (R, = 3.9 nm), indicating again the formation
of core-shell nanostructures covered by a very thin ZnO film.

Fig. 7 also shows the change in the O 1s XPS spectra
observed during O," bombardment (right side) for the same
sequence of the fluence variation. Two components (dashed
lines) are clearly identified at 530.5 eV and 532.2 eV. The lower
BE peak is commonly attributed to the oxide,>**° however the
origin of the other peak is still controversial. It has been
attributed to OH species,”**° contaminant surface species®>*°
and oxygen-defect sites related to oxygen atom vacancies in the
matrix.>! It should be indicated that (a) combined XPS and
HREELS experiments show the presence of the high BE com-
ponent even in the absence of the characteristic vibration of
OH stretching®®?? and (b) in our case, XPS survey spectra do
not show other species different from Zn and oxygen.
Therefore, considering that ion bombardment is well known
to generate surface defects,'” we attribute the higher BE peak
to oxygen-defect sites related to oxygen atom vacancies in the
near surface.

An amazing consequence of the ion bombardment is the
colour changes observed on the zinc surface from grey for the
clean surface to dark black for the heavily bombarded surface.
Fig. 8(a) shows two photographs, one of the Zn metallic
surface (left side) and the other one of a heavily bombarded
surface using an ion fluence of 2.2 x 10'® ions per cm?® (right
side). As we will see below, this phenomenon is attributed to
the reflectivity suppression by the nano-pyramidal arrays. In
addition to this, Fig. 8(b) shows the reflectance spectra
obtained from 300 to 900 nm wavelengths for three different
fluences. The reflectance spectrum for the zinc surface is also
given for comparison. As can be observed, the reflectance can
be controlled through the fluence and, for higher fluences, is
lower than 6% in the measured wavelength interval whereas
the reflectance of the Zn foil is around 55% within the same
interval, therefore indicating a strong suppression of the
surface reflectivity from the ultraviolet to the near-infrared
part of the spectrum, due to the nanostructures developed
during O," bombardment. These figures are similar to the
results found by Y. Tian et al.* on ZnO nanostructures grown
by hydrothermal methods.

Using patterns similar to the moth eyes, synthetic anti-
reflection surfaces have been simulated. According to the pre-
vious published analysis of such patterns, on a scale below the
wavelength of incident light, the array of tapered nano-
structures should produce a gradual transition of the refractive
index leading to a reduction of the reflection over a large range
of wavelengths and angles of incidence. The periodicity, the
nanostructure diameter and the height were found to be the
key parameters in this reduction.***3*

Antireflection surfaces have been modeled according to the
conical geometry of the inset in Fig. 8(c), solving Maxwell’s
equations for the above-mentioned geometry. A commercial-
grade simulator LUMERICAL®® based on the finite-difference
time-domain method was used to perform the calculations.

Nanoscale, 2017, 9, 14201-14207 | 14205
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Fig. 8 (a) Optical photograph of the Zn metallic surface (left side) and

the heavily bombarded surface using an ion fluence of 2.2 x 10'® ions
per cm? (right side) (b) reflectance spectra obtained for three different
fluences. The spectrum corresponding to the clean Zn substrate (Zn foil)
is also given for comparison. The maximum height of the nanostructures
varies from 620 nm to 1120 nm (see Fig. 1) as the fluence increases.
(c) Calculated reflectance spectra for the pattern given in the inset, with
d =200 nm, p = 300 nm and h varying in the range of 200-1500 nm.

Here, d stands for the rod diameter, p the periodicity and % the
nanostructure height. Fig. 8(c) shows the simulated reflectance
spectra for the above-mentioned geometry with d = 200 nm,
p = 300 nm and £ varying in the range of 200-1500 nm.
The results from our calculations show that the modeled nano-
structures exhibit a decrease in the reflectivity upon increasing
the height. Similar calculations (not shown) by keeping d and %
constant and varying the periodicity p in the range of
200-400 nm show that the reflectance of the nanostructures
strongly decreases below 5% with decreasing periodicity.
It should be pointed out that the experimental data of Fig. 1
display a Gaussian distribution of the base sizes and also for
the heights of the nanostructures (see also Fig. 5) instead of
constant values and no short-range order is observed (the
average separation of the nanostructures is ~300 nm).
Nevertheless, the comparison of the simulated reflectance
spectra of Fig. 8(c) with the experimental spectra of Fig. 8(b)
shows good agreement displaying in both cases the same
reflectivity decrease with increasing nanostructure heights.
These results point to the nanostructure height as the
main parameter responsible for the antireflection properties of
the bombarded surfaces, which can be easily controlled by the
ion fluence.
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Conclusions

To summarize, we show here that the reactive ion bombard-
ment of metallic surfaces can lead to more complex situations
than that previously reported. In particular, the controlled
bombardment of zinc surfaces with low energy O," leads to the
formation of core-shell ZnO nano-pyramidal arrays that sup-
press the reflection of light decreasing the surface reflectivity
below 6% in the wavelength range of 300-900 nm. Such nano-
structures are homogeneously distributed on the surface,
display a normal distribution of heights, and are covered by a
very thin ZnO film. These findings open the door to a broad
range of possibilities to produce surface modifications using
reactive low-energy ion bombardment which can be used for
technological applications as for antireflection materials for
solar energy devices.
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