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Self-forming, vertically-aligned, arrays of black-body-
like ZnO moth-eye nanostructures were grown on
Si(111), c-ALO;, ZnO and high manganese austenitic
steel substrates using Pulsed Laser Deposition. X-ray dif-
fraction (XRD) revealed the nanostructures to be well-
crystallised wurtzite ZnO with strong preferential c-axis
crystallographic orientation along the growth direction
for all the substrates. Cathodoluminescence (CL) studies
revealed emission characteristic of the ZnO near band
edge for all substrates. Such moth-eye nanostructures
have a graded effective refractive index and exhibit
black-body characteristics. Coatings with these features
may offer improvements in photovoltaic and LED per-
formance. Moreover, since ZnO nanostructures can be
grown readily on a wide range of substrates it is sug-
gested that such an approach could facilitate growth of
GaN-based devices on mismatched and/or technologi-
cally important substrates, which may have been inacces-
sible till present.
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SM side view of ZnO nanocones grown on Si(111).
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1 Introduction strong piezoelectric response, a very wide range of tune-
ZnO is a remarkable multifunctional material with a able conductivities (varying from semi-insulating to semi-
distinctive set of properties including a direct bandgap of metallic) and good biocompatibility [1]. In previous works
~3.4 eV and an exciton binding energy of ~60 meV. It al- [2, 3] it was shown that Pulsed Laser Deposition (PLD)
so has a high transparency over the visible spectrum, a could be used to give self-forming arrays of vertically
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aligned nanostructures on Si and sapphire substrates. In
particular, moth-eye-type nanostructures were shown to
exhibit blackbody-like properties over the whole visible
spectrum [4], which suggested that they could be used, for
instance, as anti-reflection coatings on solar cells [5] or for
enhanced extraction in LEDs [6]. Such nanocones were al-
so used as a template for MOVPE GaN regrowth [7] and as
an active layer in n-ZnO/p-Si heterojunction LEDs [8].
This paper reports on the development of similar ZnO
structures on ZnO and high manganese austenitic steel
substrates by PLD and compares them with those obtained
on Si(111) and c-Al,Os.

2 Experiments and results

2.1 Experiments

ZnO moth-eye nanostructures were grown by PLD on
Si(111), ¢-Al,O3, hydrothermal ZnO [9] and austenitic
steel substrates, using growth conditions described previ-
ously [8] ZnO nanostructures were grown from a 99.99%
pure ZnO target by PLD using a KrF excimer laser (248
nm). The chamber was evacuated using a turbo-molecular
pump to a background vacuum of about 1x107° Torr with
or without Ar as a background gas. The growth conditions
were: laser frequency of 10 Hz, substrate temperature was
700 °C, growth times of 10 min. These conditions were
similar for all substrates. Sample morphology was studied
using a Hitachi S4800 Field Emission-Scanning Electron
Microscope (FE-SEM). The crystal quality of the nanos-
tructures was investigated using high resolution X-Ray
Diffraction (XRD) performed in a Panalytical MRD Pro
system using Cu Ko radiation Room temperature Cathodo-
luminescence (CL) was performed with a home made sys-
tem in an SEM [10] in order to study the optical properties
and gain insight into impurity and defect density.

2.2 Results

Figure 1 shows SEM images of samples of ZnO nano-
cones obtained on the 4 different substrates. The structures
on all the substrates exhibit dense, self-forming, arrays of
vertically-aligned cone-like “moth-eye” nanostructures.

Laudise and Ballman [11] suggest that such tapered
nanorods develop as a result of the relative growth rates of
the different crystal facets of ZnO (growth rates are higher
for directions orthogonal to closer spaced lattice planes).
For wurtzite ZnO, the maximum growth rate is in the
[0001] direction and it should be about twice as fast as that
in the [10-10] direction, while the growth rate along
[10-11] should be intermediate. Figure 2 shows a top view
of ZnO nanocones on a Si(111) substrate.

In this figure the characteristic, six-fold, faceting of the
wurtzite ZnO structure can clearly be discerned the lack of
such faceting in the smoothed, nanocone-like appearance
observed in Fig. 1 is most probably an illusion due to a sur-
face transparency induced by the higher SEM accelerating
voltage used for these acquisitions.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 1 SEM images of ZnO nanostructures grown by PLD on
(a) Si(111), (b) c-Al,0s3, (¢) ZnO and (d) high manganese austen-
itic steel. The images on the right are zooms of the images on the
left. The scales for the images on the right are similar for all sub-
strates.
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Figure 2 SEM top view of ZnO nanocones grown on Si(111).

Figure 3 shows the XRD 20/w scans for the (0002)
peaks of the nanostructures grown on the different sub-
strates. Strong ZnO (0002) reflections corresponding to a
c-axis oriented wurtzite phase were observed for all the
samples. The Full Width at Half Maximum (FWHM) for
the samples (see Table 1) from 0.011° for the nanocones
grown on ZnO up to 0.019 on Si, 0.06° on c-Al,O; and
0.34° on steel. This suggests that, apart from the ZnO on
steel, the nanostructures have relatively small variation in
lattice parameter relative to that observed for ZnO thin
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films on similar substrates. These results indicate that the
sample grown on ZnO bulk was more perfectly crystallized
than the others.
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Figure 3 Normalised XRD 26/ scans (linear intensity scale) for
the (0002) peaks of the nanostructured ZnO grown on various
substrates.

Table 1 also shows that the main peak position in the
20/w scans is similar for the Si, ¢c-Al,O; and ZnO sub-
strates, corresponding to c-lattice parameters of 5.202-
5.203 A. This is very close to what would be expected for
relaxed wurtzite ZnO (5.204-5.206 A). The c-lattice pa-
rameter corresponding to the peak maximum for the nano
ZnO on high manganese austenitic steel, however, is sig-
nificantly larger, at 5.225 A, which corresponds to ZnO
under compressive strain (the lattice parameter of the steel
is 3.6137 A). Closer inspection reveals that the peak seems
to be made up of multiple peaks, which could be related to
relaxation during film growth.

Table 1 Comparison of XRD scan intensities and FWHM for
ZnO nanocones grown on Si(111), c-Al,O3;, ZnO and high Mn
austenitic steel.

® scan o rocking 20/® c lattice
substrate | intensity curve FWHM | parameter
(cps) | FWHM (°) © A)
Si(111) ~1000 0.85 0.019 5.203
c-ALO; ~500 0.94 0.06 5.202
bulk ZnO | ~100000 0.028 0.011 5.202
austenitic | 4 117 0.34 5.225
steel
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The nano ZnO/Si(111) shows broadening on the high-
er-angle side at the base of the peak, signifying a region
with a smaller c-lattice parameter. This could be due to
disorder at the start of growth creating a less dense a-b
plane at the base of the nanocones (and thus a larger
a-lattice parameter). Figure 4 shows an SEM side-view im-
age, which confirms that crystallographic disorder does in-
deed exist at the base of the cones.
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Figure 4 SEM side view of ZnO nanocones grown on Si (111).

The XRD o rocking curves (open detector configura-
tion) are shown in Fig. 5.
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Figure 5 Normalised XRD ® scan rocking curves (linear inten-
sity scale) for the (0002) peaks of the nanostructured ZnO grown
on various substrates.

The FWHM of the rocking curve is significantly larger
for the sample on steel and is narrowest for the sample on
ZnO (a lower FWHM corresponds to a smaller dispersion
in the crystallographic orientation). The FWHM of the
rocking curve of ZnO on sapphire is larger than would typ-
ically be observed for equivalent thin films whereas that
for Si is comparable or smaller.

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim
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RT CL spectra of the nanostructured ZnO on various
substrates are shown in Fig. 6 and Table 2.
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Figure 6 CL spectra of the nanostructured ZnO on various sub-
strates.

Table 2 Comparison of CL spectra, main peak, FWHM, and in-
tensity for ZnO nanostructures grown on Si(111), c-Al1203, ZnO
and high Mn austenitic steel.

1% peak 1% peak | 2™peak | 3™ peak
substrate | position FWHM position position
(nm) (nm) (nm) (nm)
Si(111) 380 22 none none
c-ALO; 382 23 510 640
bulk ZnO 382 22 520 None
austenitic 382 28 460 640
steel

The spectra all show an ultraviolet (UV) band (at
around 380-382 nm), which is characteristic of Near Band
Edge (NBE) emission from wurtzite ZnO [12]. The NBE
emission wavelength and the FWHM were slightly lower
for the structures grown on the Si(111) substrates than for
those grown on the c-Al,O3;, ZnO and austenitic steel.
Green bands visible in the spectra for the growths on c-
AlL)O; and bulk ZnO (at wavelengths of 510 and 520 nm,
respectively) were attributed to defects in the ZnO [13]. A
red peak at 640 nm, present in the spectra for the growths
on c-Al,O; and steel, could be related to Al and Fe from
the substrates diffusing into the ZnO. An additional blue
(460 nm) peak was observed in the spectrum for the sam-
ple on steel. Although the origin is not yet clear, a similar
band has been reported elsewhere for ZnO films [14] and
nanorods [15]. Jin et al. [16] considered that it might be
due to the existence of oxygen-depleted interface traps. Of
particular note, is the absence of green, red or blue bands

© 2013 WILEY-VCH Verlag GmbH & Co. KGaA, Weinheim

in the CL spectra of the ZnO nanocones grown on Si(111),
plus the relatively intense peak of the NBE. These indicate
that the nanostructures on Si had particularly good crystal
quality and a relatively low defect density.

3 Conclusion

Nanostructures were grown on Si(111), ¢-Al,O;, ZnO
and high Mn austenitic steel substrates using catalyst-free
PLD. The impact of substrates on the sample morphology
and crystallographic and optical properties was investi-
gated. Self-forming, vertically-aligned, arrays of moth-eye-
like nanocones were obtained on all substrates. XRD and
RT CL studies indicated that the nanostructures grown on
all substrates were highly c-axis oriented wurtzite ZnO
with strong NBE emission. Of particular note was the fact
that the ZnO crystallised well on all substrates (including
steel) and that the moth-eye structures on Si(111) showed
very good crystallographic and optical characteristics
compared with equivalent thin films grown on Si.

Such moth-eye nanostructures have a graded effective
refractive index and exhibit black-body characteristics. In
photovoltaic applications they may, therefore, have poten-
tial for use as anti-reflective coatings [4], light trapping
layers and nanostructured template back-electrodes [17].
In LED applications they may have potential for use as
coatings for enhancement of light extraction6, as active
ZnO layers for light emission [9] or as nanostructured tem-
plates for (In)GaN regrowth [7]. Indeed, since ZnO nanos-
tructures can be grown readily on a wide range of sub-
strates such an approach could facilitate growth of GaN-
based devices and nanostructures on mismatched and/or
technologically important substrates, which may have been
inaccessible till present, including steel, have been inacces-
sible till present, including steel.
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