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Abstract
In this paper, we combine the atomic layer deposition synthesis method of inverse opal with the hydrothermal growth of 
nanorods. From 460 nm polystyrene nanospheres opal crystals were produced using vertical deposition on Si wafers. The 
opal templates were covered with ZnO by atomic layer deposition. High temperature annealing was used to remove the 
polystyrene nanospheres to obtain the inverse opal structure. For the hydrothermal growth of ZnO nanorods, two produc-
tion routes were analysed: hydrothermal reaction before and after the removal of the template. The two paths produced two 
distinct structures, one with plate like formations and one with nanorods, respectively. Also, the sample modified by the 
hydrothermal growth after the annealing showed slight differences in optical properties compared to the regular inverse opal. 
Morphology, composition and structure of the samples were explored using SEM, EDX and XRD. Optical properties were 
investigated with reflectance UV–Vis spectroscopy. Thermal stability of the polystyrene opal was determined using TG.
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Introduction

Inverse opal structured materials are known and researched 
for their optical properties; the photonic band gap, which 
prevent the propagation of light at certain frequencies and 
the “slow” photon effect, what can cause an absorbance 
enhancement at the borders of the photonic band gap [1–3]. 
These properties can be utilized in optical related fields like 
photocatalysis [4, 5], photoelectrochemistry [6, 7], pho-
tosensors [8] or optical devices [9]. Inverse opal photonic 
crystals are easy to be manufactured using the bottom-up 
building. Various techniques can be applied, that exploits 
the self-assembly of colloid nanoparticles to build up 3D 

nanostructures using nanospheres [10, 11] and several infil-
tration methods can be used to fill up the voids of the col-
loid crystal, such as sol–gel technique [12], CVD (chemical 
vapour deposition) [13], electrodeposition [14] and ALD 
(atomic layer deposition) [15–17]. ALD is excellent method 
for the coating of structures with high aspect ratio, like opal 
crystals, which is due to its cyclical, surface controlled and 
self-limited operation [18]. The choice of the material of 
inverse opals, it depends on the aim of the product, but for 
photocatalytic purposes  TiO2 is advantageous, ZnO is also 
similarly beneficial [19, 20]. The position of the photonic 
band gap in the spectrum of light depends on mainly two 
variables: the size of the air voids in the structure and the 
refractive index of the crystal material [21].

One-dimensional nanostructures like nanorods can be 
advantageous in fields where its high aspect ratio can be 
exploited like sensing or photocatalysis [22, 23], and in these 
fields, ZnO nanorods are vastly researched [24]. Several 
techniques are capable to synthesize metal oxide nanorods, 
like ZnO: electrospinning [24], MOCVD (metal organic 
chemical vapour deposition) [25], chemical bath deposition 
[26] and hydrothermal synthesis [27] to name a few. During 
hydrothermal deposition the final shape, size, quantity and 
surface density of the ZnO nanostructures can be affected 
by the parameters of the synthesis such as the concentration 
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and type of the growth solution, temperature, reaction time, 
pH, seed layer and usage of capping agents [28]. ALD and 
hydrothermal methods are regularly used together to grow 
nanorods on the surface of structures. Usually ALD provides 
a layer where the growth of the rods can start and this layer 
is named as seed layer [29–31].

Inverse opal photonic crystals can be combined with other 
nanostructures: e.g. with nanospheres [32, 33], hydrother-
mally grown nanowires/rods [34, 35], also carbon nanotubes 
can be incorporated into the structure [36, 37]. For higher 
dimensional structures inverse opals can be filled e.g. with 
reduced graphene oxide [38]; furthermore, inverse opals 
with different sized void holes can be prepared [39]. It was 
also reported that  TiO2 inverse opal were combined with 
ZnO nanorods to boost the light harvesting capability of the 
nanorods and to increase the surface area of the structure 
[34]. Pure ZnO inverse opal and nanorod structure hybrid 
was synthesized with thin nanorods grown inside the inverse 
opal coated with  TiO2 was researched [40]. Interesting direc-
tion is that instead of filling the opal structure, a seed layer 
is deposited to help the growth of the nanorods, making a 
nanorod network in shape of an inverse opal [41]. Looking 
at the beforementioned literature, pure ZnO inverse opal/
nanorod hybrids were not synthesized and the possible effect 
of the nanorods on the optical properties were not investi-
gated earlier.

In this study, the synthesis of ZnO inverse opals were 
done by using vertical deposition and atomic layer deposi-
tion. ZnO nanorods were grown on this backbone structure 
using hydrothermal synthesis method. The hydrothermal 
synthesis was done before and after the annealing step of 
the inverse opal preparation, meaning before and after the 
removal of the sacrificial polystyrene nanosphere templates. 
Our aim is to explore the hybrid structure and its optical 
properties. The polystyrene nanospheres were tested using 
thermogravimetry to check their suitable annealing tempera-
ture. The inverse opal, nanorods and the hybrid structures 
were studied by SEM–EDX (scanning electron micros-
copy—energy dispersive X-ray microanalysis) and XRD 
(X-ray diffraction). The optical properties were investigated 
by UV–Vis spectroscopy.

Materials and methods

Preparation of the colloid crystals

Opal crystal templates were synthesized by vertical depo-
sition similar to the method our researched group used in 
an earlier article [42]. 460 nm diameter polystyrene nano-
spheres (Sigma Aldrich) were received in the form of 10 
w/w% water suspension, which was diluted to a 0.3 w/w% 
suspension and ultrasonicated for 2 h. In the meantime, Si 

substrates were sliced to make roughly 1 × 3 cm slides, these 
slides were cleaned with soap, then ethanol and distilled 
water, finally treated with “piranha” solution (3:1 mixture 
of concentrated sulfuric acid and 30% hydrogen-peroxide) 
for 1 h. For the vertical deposition the slide was put in verti-
cally in the suspension and got heat treated in a Nabertherm 
L9/11/B410 furnace with the following heat program: 40 h 
at 50 °C, then 6 h at 80 °C. During vertical deposition a 
large glass beaker filled with water was inside the furnace, 
as higher humidity in the furnace reduced the cracks of the 
opal crystal [43].

Hydrothermal growth of the nanorods

The hydrothermal procedure was executed using a stainless-
steel autoclave with a 50 mL Teflon inlet. For the growth 
solution 2.5 mmol zinc-acetate (Sigma Aldrich) and hex-
ametilene-tetramine (Sigma Aldrich) were dissolved in 
50 mL water, then filled into the Teflon inlet. The slide sam-
ple was fixed with a rubber ring to allow the ZnO layer and 
the inverse opal film to face the bottom of the inlet; this way 
the sample could be separated from the precipitate easier. 
The reaction was done at 90 °C for 3 h in a Nabertherm 
L9/11/B410 furnace, then the sample was rinsed with dis-
tilled water and dried at 50 °C for 30 min. This recipe is 
based on a recent article [28]. The ZnO nanorods were both 
grown on ZnO coated reference Si wafers and on the top of 
the inverse opals.

Atomic layer deposition

ZnO layer deposition was carried out with a Beneq TFS-
200-186 flow ALD reactor using DEZ (diethylzinc) and 
water as precursors. The deposition was carried out at 50 ºC 
and 1.4 mbar in the reactor and 7 mbar in the outer chamber, 
the pulse time was 300 ms and the purge time was 3 s. 434 
cycles were done, corresponding to a ZnO film thickness 
of about 36 nm. The 36 nm layer thickness is equal to the 
smallest hole in an inverse opal made out of 460 nm polysty-
rene nanospheres, and this is due to the hexagonal structure 
of the opal. For hexagonal structure the smallest hole is in 
the [1 1 1] planes, which hole is equal to the 7.75% of the 
sphere diameter and that is around 36 nm [15]. Apart from 
the coating of the opal templates, Si wafers were coated as 
well to serve as reference and seeding layer for the ZnO 
hydrothermal growth for the reference nanorod forest.

Inverse opal samples

Removal of the polystyrene nanospheres was done in the 
Nabertherm L9/11/B410 furnace. The coated opals were 
annealed with the following heat program: the furnace was 
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heated up to 500 °C under 4 h, then kept at this temperature 
for 2 h. The polystyrene nanospheres were removed from the 
inverse opal structure after the hydrothermal growth of the 
nanorods in one sample and before it in the other.

Characterization

TG experiment was carried out with a TA Instruments SDT 
2960 machine, with a heating rate of 10 °C  min−1 until 550 °C  
and flow rate of 130  cm3  min−1 air simulating the environ-
ment during the removal of the polystyrene nanospheres. To 
gain sample, the polystyrene nanospheres of an opal were 
scraped off and filled into the TG sample holder.

The SEM images were taken with a LEO 1540 XB scan-
ning electron microscope, in high vacuum mode and using 
the secondary electron detector. The samples were hold in 
place with adhesive carbon tapes on top of the copper sam-
ple holder. For better image quality of the polystyrene and 
carbon opals the samples were sputtered an Au/Pd layer.

EDX spectra were taken by JEOL JSM-5500LV scanning 
electron microscope, for each sample three measurement 
points were averaged.

XRD measurement of the inverse opal samples were 
made by PANanalytical X’Pert Pro MPD X-ray diffrac-
tometer using Cu K-α radiation, between the angle range 
of 5°–65°.

The reflectance UV–Vis spectra were also recorded by 
a Avantes AvaSpec-2048 spectrophotometer equipped with 
optical cables and Si wafer as reference.

UV–Vis reflectance spectrum was recorded by Avantes 
AvaSpec-2048 spectrophotometer equipped with optical 
cables, and the substrate Si wafers were used as reference.

Results and discussion

The synthesis paths (Fig. 1) shows that the first step was 
the preparation of the colloid crystal using vertical deposi-
tion. The colloid crystal was filled with ZnO using DEZ 
and  H2O precursors. The synthesis was continued in two 

different courses: growth of ZnO nanorods using hydro-
thermal synthesis and then remove the polystyrene colloid 
crystal template (Fig. 2a), removing the template before the 
growth of ZnO nanorods. The two-path provided different 
structures, one with more plate like forms (A) and one with 
nanorods (B). The second structure were investigated more 
thoroughly, since its closer in morphology to an inverse opal/
nanorod hybrid structure.

The polystyrene nanospheres were taken from an opal 
sample and filled into the TG sample holder. Based on the 
TG curve (Fig. 2), a minor mass loss occurs between 100 
and 300 °C, where it loses 2.45% of its mass and a major 
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Fig. 1  The synthesis paths of the hybrid structures: hydrothermal growth of nanorods before template removal (a) and hydrothermal growth of 
nanorods after template removal (b)
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between 300 and 425 °C, where it loses 95.89% of its mass. 
These two events are reinforced by the DTG curve where 
around ~ 206 °C is a flat peak and at ~ 393 °C. According 
to literature the first drop in mass is the departure of water 
and polystyrene monomers from the system and the second 
event is the decomposition of polystyrene [44]. Therefore, 
500 °C was suitable as annealing temperature to remove 
the sacrificial polystyrene nanospheres to obtain the ZnO 
inverse opals.

SEM images of Fig. 3a show the hexagonally ordered 
opal structure prepared from 460 nm polystyrene nano-
spheres. This opal served as the template for the inverse opal 
reference and for the hybrid inverse opal/nanorod samples. 
In Fig. 3b, the reference inverse opal is observable, and it 
has the same hexagonal structure as the opal. In Fig. 3c, the 
reference ZnO nanorod forest is presented, and the average 
diameter of the nanorods is around ~ 300 nm. In Fig. 2d, e, 
two inverse opal/nanorod samples show different structures. 
The removal of the polystyrene nanospheres only after the 
hydrothermal growth gives a layer of plate like structures 
and the inverse opal structure is still observable (Fig. 3d). 
Removing the polystyrene nanospheres before the hydro-
thermal growth created a ZnO nanorod forest with a dif-
ferent structure than the reference (Fig. 3e). Possibly, this 
difference is caused by the bumpy surface of the inverse 
opal. It’s also observable that these nanorods did not grow 
on the entire surface of the inverse opal. From this point on 
we investigated the more organized structure.

The composition of the references samples was measured 
with EDX (Table 1). In both cases Zn and O were detected 

indicating the presence of ZnO. The signal Si is coming 
from the substrate slide. The ZnO nanorod layer was thicker 
than the hollow inverse opal structure; thus here the Si signal 
was weaker. On the other hand, there is a detectable amount 
of C in the nanorod forest, which is probably from the resid-
ual hexametilene-tetramin and Zn-acetate. This also shows 
that the polystyrene nanospheres were successfully removed 
with the annealing, as no C was detected in the inverse opal. 
Al is probably from the sample holder of the SEM.

The crystallinity of the samples was determined using 
XRD. The diffractogram of the Si wafer was recorded to 
distinguish its peaks from the samples (Fig. 4a). Grown ZnO 
structures such as the nanorods, inverse opal and the struc-
ture of the hybrid samples all proved to be wurtzite ZnO 
(Fig. 4b–d). The reference ZnO nanorod forest sample has 
intense Si peaks that belonged to the substrate, thus to check 
the presence of ZnO, a zoomed image is shown in the inset 
(Fig. 4b). The diffractograms of the inverse opal and the 
hybrid structure (Fig. 4c, d) are basically identical.

Fig. 3  SEM image of the 460  nm polystyrene opal crystal template 
(a), ZnO inverse opal reference (b), ZnO nanorod forest (c), the 
ZnO inverse opal/nanorod hybrid with the polystyrene nanospheres 

removed after the hydrothermal growth (d) and the ZnO inverse opal/
nanorod hybrid with the polystyrene nanospheres removed before the 
hydrothermal growth (e)

Table 1  Composition of the two reference samples

Element w/w% w/w%
ZnO nanorod forest ZnO inverse opal

C 4.6 –
O 9.2 14.8
Al 3.5 2.5
Si 1.8 63.3
Zn 81.0 19.5
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The three UV–Vis spectra (Fig. 5) all have the typical 
absorption edge of the ZnO semiconductor, which is usually 
between 350 and 400 nm [43]. The ZnO nanorod forest refer-
ence has multiple absorption peaks (Fig. 5a), this sinusoidal 
absorption patter is corresponding to the several µm thick 
layer. The ZnO inverse opal reference (Fig. 5b) has three 

absorption peaks (475 nm, 565 nm and 860 nm), for inverse 
opals with these structure (polystyrene size—460  nm) 
has a photonic band gap at the visible light range, this is 
observable at 525 nm and the two “slow” photon absorption 
enhancement at 475 nm and 565 nm. For the hybrid structure 
the spectra (Fig. 5c) is similar, the three absorption peaks 
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(420 nm, 540 nm and 775 nm). The photonic band gap is 
around 500 nm and the two absorption peaks next to it at 
420 nm and 520 nm. This might be caused that small hydro-
thermal growth of ZnO might have happened not only on the 
surface of the inverse opal, but also inside it and this few nm 
hydrothermal ZnO layer on the ALD ZnO walls narrowed a 
few nm the diameter of the air voids.

Conclusions

In this study, we explored the combination of the synthesis 
of a ZnO inverse opal by ALD and vertical deposition with 
the hydrothermal growth of ZnO nanorods. Hydrothermal 
growth was done before and after the thermal removal of the 
polystyrene opal template to check the effect of annealing, 
resulting in two different structures. SEM images revealed 
that the former route provided a less organized, plate like 
ZnO structure on the surface of the inverse opal. The cause 
of this might be both the presence of the polystyrene nano-
spheres and the absence of annealing. The latter route gave a 
nanorod forest on top of the inverse opal with an increasing 
diameter to the top of nanorods, i.e. looking like reversed 
cones. This is probably caused by the surface geometry of 
the inverse opal as substrate. In earlier works usually an extra 
seed layer was deposited on the surface of the inverse opal 
or the diameter of the nanorods were significantly smaller 
than the void holes of the hollow structure. From this point 
on we investigated the more organized structure. EDX and 
X-ray diffractograms both proved that the sample was made 
of wurzite ZnO and that the polystyrene nanospheres were 
successfully removed after the annealing. UV–Vis spectro-
scopic studies showed that the inverse opal reference has 
photonic band gap at ~ 520 nm and that the hybrid structure 
has it at ~ 500 nm. The difference between the two structures 
can be explained either by the hydrothermally grown struc-
ture on the surface of the inverse opal or the hydrothermal 
growth slightly modified the inner parts of the hollow struc-
ture, like decreasing the size of the void holes, which can 
shift the photonic band gap.
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