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Abstract 
 
Nanopillars of ZnO were implanted with Au-400keV ions at various ion fluences from  1 × 1015 cm-2 to 
1 × 1016 cm-2 and subsequently annealed at 750 °C for 15 minutes in order to reduce the implantation 
damage and to support Au nanoparticle aggregation. It was found that implantation-induced effects 
and thermal effects influence the Au nanoparticle coalescence as well as the quality of the ZnO 
nanopillars. The implantation at the higher fluences induced the sharpening of the nanopillar upper 
parts and the compaction of the nanopillar bases, which are turned into a continuous layer after 
annealing. Luminescence measurement showed the surface plasmon resonance activity of the Au 
nanoparticles. The absorption maximum is evidenced from 500–650 nm and it is ascribed to Au 
nanoparticles or more complex Au-clusters. We observe the more pronounced intensity of the 
absorption peak (SPR) ascribed to the Au nanoparticles with the increased Au-ion fluence and after the 
annealing.  
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1. Introduction 
We present our recent results obtained in Au-ion implantation of ZnO nanopillars for Au nanoparticle 
creation. Ion implantation is a versatile technique that makes it possible, by adjusting the implantation 
ion energy and fluence, to modify the electrical, mechanical and optical properties of bulk and 
nanostructured materials [1,2], as well as to introduce micro- and nano-structures via energetic heavy 
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ions. ZnO reportedly has an extraordinarily high radiation tolerance in comparison to other 
semiconducting materials such as GaN or GaAs [3]. However, due to ZnO’s wide band gap energy of 
3.37 eV at room temperature, large free exciton energy (60 meV) and high luminescence efficiency [4, 
5], nanostructuring in ZnO has become very attractive and challenging for the preparation of nano-
optics devices, as well as for DNA sensor and biological applications in general [6-8]. Au-metal 
nanoparticles can expand the light absorption range of ZnO and can greatly enhance the ZnO 
photocatalytic activity given their plasmonic or luminescence properties.  Metal oxides such as ZnO 
are nowadays being investigated as efficient photocatalysts and antimicrobials agents [9]. The optical 
activity of metal nanoparticles (NPs) is strongly affected by their shape, size, geometrical configuration, 
structure and composition. Ion implantation and irradiation are unique tools for the synthesis and 
modification of nanoparticles in various host matrices and semiconductors as well. Since implanted 
noble metal-ions have larger radii than Zn, they tend to coalesce while inducing a dense collision 
cascade, which strongly modifies the ZnO wurtzite host matrix [10,11]. Semiconductor nanocrystallites 
with a dopant can exhibit unique optical and electronic properties [12,13], mainly in the case of Au 
[14]. However, the basis for the future research would be the published works devoted to the 
formation of radiation defects in ZnO (mainly c-plane-oriented), where significant connections 
between the dopant’s chemical nature and defect formation have been investigated [3,10,11,15,16]. 
Damage accumulation, dopant positioning and defect‒dopant interaction influencing defect 
stabilisation in bulk ZnO etc., are all crucial issues for the understanding of the complex processes 
taking place in ion beam irradiated ZnO nanopillars.  
Nowadays, ZnO thin films and nanostructures can be synthesised by using various deposition 
techniques, such as molecular beam epitaxy (MBE) [17], metal‒organic chemical vapour deposition 
(MOCVD) [18], chemical vapour deposition (CVD) [19] etc. ZnO possesses a large variety of 
nanostructures whose optical properties have been very intensively investigated [20]. Owing to its 
highly anisotropic wurtzite structure, vertically aligned ZnO nanowires can be formed as building blocks 
in a wide variety of applications [21,22].  
Post-implantation annealing is typically used to restore the crystalline structure and also to improve 
the optical properties [23]. It should be noted that the removal of point defects is already observed at 
temperatures below 500 °C in single crystalline ZnO due to strong annealing of uncorrelated defect 
structures such as point defects and small defect clusters [24].  A complete removal of ion-induced 
extended defects in single crystalline ZnO typically requires relatively high temperatures exceeding 
900‒1000 °C, as reported for other ion species including Ag in [25,26]. Furthermore, the implanted 
atoms themselves can stabilise radiation defects, while pronounced loss or out-diffusion of implanted 
atoms may lead to efficient recovery of the crystalline lattice and coalescence of the introduced 
dopant. 
The situation differs in ZnO nanostructures, where radiation defects in the Ag-implanted nanorods can 
be successfully recovered using RTA (Rapid Thermal Annealing) in oxygen at lower temperatures 
between 700 °C and 950 °C.  Sufficient annealing has to be performed in order to remove the 
implantation defects; short duration and low enough temperature annealing is desirable in order not 
to degrade the implanted ZnO nanorods [28]. Moreover, moderate annealing is necessary to avoid 
deactivating the dopants [28]. It was observed in [27] that temperatures from 700 °C to 900 °C for 15 
minutes can recover the outer shell of the ZnO nanowire from 35 to 70 nm thick, respectively. 
However, at the higher temperature, the nanowire exhibits rough side facets instead of the perfectly 
flat ones for as-grown samples. The surface degradation has been ascribed to annealing-induced 
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surface degradation of the implanted ZnO nanowires in [27] and a thermal deterioration effect was 
confirmed also in high As-ion fluence implanted nanorods after annealing at 950–1000 °C in [29].  
It was demonstrated that the dislocation elimination in ZnO nanowires is facilitated by the nanowire 
free surfaces, allowing shorter duration annealing at lower temperatures [29], and increasing the time 
of annealing above 20 minutes can be detrimental rather than beneficial.  Au nanoparticle coalescence 
in materials such as sapphire after Au implantation can be achieved already at temperatures of about 
600 °C [30], but typically longer annealing times are chosen to cause the coalescence of particles bigger 
than 10 nm. The photoluminescence (PL) of nanowires has been nearly fully recovered after annealing 
at 800 °C, with 15 min under vacuum in [31]. Optical properties can be tuned in various crystallographic 
orientations of ZnO by a distinct method [32]. The photoluminescence (PL) spectra have revealed that 
the near band gap (NBE) exciton-related luminescence band of Au:ZnO samples was partially restored 
for all crystal planes after thermal annealing at 600 °C due to the recovery of the ZnO structure. After 
the annealing, the NBE band was restored with the highest intensity in the c-plane [32]. 
Our experiments were motivated by the following issues: i) the structural damage in ZnO nanopillars 
after the Au-ion implantation and its recovery after the annealing, ii) Au incorporation and 
nanoparticle formation in ZnO nanopillars, iii) optical and luminescence properties of ion beam 
modified ZnO nanopillars. 
 
2. Experiment 
 
2.1. ZnO nanopillars growth and 400 keV Au+ ion implantation  
ZnO nanopillars were grown on Si wafers using a hydrothermal approach [33]. Polished silicon wafers 
1 x 1 cm in size from Siegert Wafer (Germany) with the orientation of <100> ± 5° were immersed for 
10 min in a 75 °C solution of deionised H2O (0.055 μS/cm, Evoqua, USA), NH3 (30%, Chemsolute, 
Germany), H2O2 (25%, Chemsolute, Germany) in the ratios of 5:1:1, followed by rinsing in deionised 
H2O and a further cleaning two times in an ultrasonic bath. Afterwards, they were dipped for 20 s in a 
solution of 0.005 mol/l zinc acetate (Alfa Aesar, UK) in isopropanol (Chemsolute, Germany) and rinsed 
immediately with isopropanol. This procedure was repeated four times to assure a continuous 
coverage of zinc acetate. The samples were heated for 20 min at 350 °C to get a thin layer of calcined 
ZnO seeds on the silicon substrate. The samples were placed almost vertically in 50 ml centrifuge tubes, 
with the top side facing slightly downwards. An equimolar solution of 0.05 mol/l zinc nitrate (Alfa 
Aesar, UK) and hexamethylenetetramine (Alfa Aesar, UK) in deionised H2O was used as deposition 
solution. The closed tubes were heated to 85 °C for 1 h. Finally, the samples were cleaned five times 
in an ultrasonic bath with deionised H2O. ZnO nanopillars were implanted with the Au-400 keV ions 
using the fluences of 1 × 1015 cm-2, 5 × 1015 cm-2 and 1 × 1016 cm-2 using an implantor at the Ion Beam 
Center, HZDR Dresden-Rossendorf, Germany. The implanted samples were subsequently annealed at 
ambient atmosphere at 750 °C for 15 minutes in a conventional furnace in order to reduce the 
implantation damage and to support Au nanoparticle aggregation.  
 
2.2. Structure analysis of ZnO nanopillars with implanted Au by XRD, RBS and SEM  

We used a Rigaku SMARTLAB 9 kW rotating-anode generator and CuKα1 characteristic radiation; the 
diffractometer was equipped with a primary parabolic multi-layered mirror and a 2x220 Ge channel-
cut monochromator. X-ray diffraction (XRD) was utilised for the study of the crystal-structure 
modification of the pristine ZnO nanopillars as well as those with Au nanoparticles. In the case of 
nanopillars, the MR setup was used, and we measured long-range 2Θ-scans keeping the incidence 
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angle constant ( 𝛼𝛼𝑖𝑖 = 0.4 deg).  High-resolution (HR) almost symmetric 2Θ/ω scans were measured 
using a secondary 2x220 Ge channel-cut analyser crystal; in these scans we avoided very intense 
diffraction peaks of Si substrate by introducing the angular offset of 𝛩𝛩 − 𝜔𝜔 = 5 deg. 
Rutherford Back-Scattering spectrometry (RBS) was employed for characterisation of ZnO nanopillars 
using a beam of 2.0 MeV He+ ions from a Tandetron accelerator using the detector placed at scattering 
angle 170°. Simultaneously, RBS was used for the implanted Au depth profile analysis. 

 Scanning electron microscopy (SEM) was realised using a TESCAN MAIA 3 instrument with a field 
emission gun (TESCAN, Czech Republic). All samples were attached to SEM stubs using double-sided 
conductive carbon tape. For side-view imaging, a small piece of Si substrate was cleaved to expose the 
transition between the substrate and ZnO nanopillars. For all samples, imaging was performed in high 
vacuum at 5 kV accelerating voltage using an in-beam detector. 
 
2.3. Optical properties of ZnO nanopillars implanted with Au optical ellipsometry, PL spectroscopy 

ZnO nanopillars were investigated by PL measurements carried out at 10K by employing a closed-cycle 
He refrigerator system and using a 325 nm wavelength He-Cd laser as an excitation source (power 
density ∼20W/cm2). The PL spectra were recorded by fibre optic spectrometers (Ocean Optics 
HR4000/USB4000).  

The spectra of the ellipsometric parameters were recorded by a VASE ellipsometer (J.A. Woollam Co.) 
in the VIS spectral range for incidence angles of 50‒80 °. Reflectance measurements were carried out 
by the same instrument and were numerically treated simultaneously along with the ellipsometry with 
the help of WVASE commercial software. In the investigated spectral range, the light beam reflected 
from ZnO nanopillars showed predominantly specular reflection with a negligible diffused component. 
Ellipsometric spectroscopy, as an indirect characterisation technique, requires a sample model and 
materials optical constants in the form of table data or parameterised dielectric functions. The sample 
model consisted of crystalline Si substrate with a SiO2 native oxide over-layer covered by ZnO 
nanopillars. These were modelled as a layer with a gradient profile of refractive index. The non-uniform 
thickness of the ZnO nanorods was also accounted for and was found to be closely related to the 
recorded depolarisation factor. The optical constants of crystalline Si were taken from the WVASE 
software database. The ZnO optical constants were parameterised by Cauchy dispersion relation 
extended with the short-wavelength exponential absorption edge [34]. The upper (surface) part of the 
ZnO layer, where the implantation of Au ions was expected, was further described by an additional 
Lorentz harmonic oscillator to account for possible Au local surface plasmon resonance. 
 
3. Results 
 
3.1. Theoretical SRIM simulations of Au-ion interaction with ZnO 
For a better understanding of the electronic and nuclear stopping interplay in the implanted and 
subsequently irradiated ZnO, SRIM calculation [35] of energy stopping was performed.  
Additionally, we calculated the projected range using SRIM for the Au-400keV ions as RP = 65 nm with 
the standard deviation ΔRP = 19 nm. SRIM calculation of the Au-ion 400keV depth profiles, O and Zn 
vacancies creation (displaced energies for Zn and O used in SRIM calculations were referred to in 
[15,16]) and the energy stopping in ZnO nanopillars has been provided. However, it must be 
emphasised that SRIM calculation is not capable of taking into account any morphological aspects, so 
a 500 nm thick ZnO bulk layer is taken into account in the calculation in Fig. 1a, b. 
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Fig. 1 
SRIM calculation of energy stopping of the Au ions used in ZnO nanopillar implantation: Au-400keV 
energy stopping and O, Zn vacancy depth profiles in a) and b), respectively. 
  
 
3.2. Elemental and structural analysis by RBS and XRD  
The results published recently in [16,32,36] give us a picture of the distinct radiation damage growth, 
Au-nanoparticle coalescence and optical response in ZnO single crystalline orientations, which should 
be taken into account in the case of the experiment with ZnO nanopillars implanted by Au-400keV 
ions. Au nanoparticle coalescence in such ZnO nanopillars and their resulting optical response might 
differ from ZnO bulk as polar and non-polar facets radiation damage taking place at the same time.  
RBS analysis was used to follow, at least qualitatively, the Au distribution in ZnO nanopillars. The 
pristine ZnO nanopillars were not fully oriented along c-axis <0001>, the layer is rather like 
polycrystalline, so structural analysis based on the ion channelling effect is not possible. Moreover, the 
depth scale calculation is strongly affected by the complex morphology and high roughness of ZnO 
nanopillars. Besides, the density cannot be taken as the bulk ZnO density. However, we can 
qualitatively follow the RBS spectra of ZnO nanopillars deposited on Si, where we saw the modification 
of the Zn and O signal from the ZnO nanopillars layer. The spectra of the pristine and the as-implanted 
ZnO nanopillars are presented in Fig. 2a. The Au depth profiles are determined and presented in Fig. 
2b, where we observed a significant shift of the Au concentration maximum towards the depth with 
the increased Au-ion fluence. In general, the Au depth profiles differ from the SRIM simulation, in that 
the profiles are broader and exhibited non-normal distribution. Implantation into the nanorods differs 
from that into compact layers and it suffers from strong straggling of the projected ranges of the 
implanted ions, so the Au-ions can penetrate much deeper and they cannot be distributed in the 
defined layer as is predicted by SRIM. However, it can be suggested that the Au coalescence can take 
a place within the major part of the nanopillars. SRIM calculation of the Au penetration through ZnO 
has been realised using the ZnO bulk density; thus the observed discrepancy between the SRIM-
calculated Au concentration maximum and the experimentally determined Au maximum is 
understandable in Fig. 2b. The annealing slightly influenced the Au depth profiles (see Fig. 2b) without 
a clear correlation with the Au-ion fluence. 
ZnO nanopillars exhibited shrinking with the increased Au-ion fluence (see the narrowing of the Zn 
peak in the RBS spectrum in Fig. 2a). This can be connected with the compressive strain in c-plane ZnO 
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(0001) orientation in basal planes, as ZnO nanorods are grown along the c-plane, as it stated in our 
previous works in ZnO implantation with Gd and Au ions in various crystallographic orientations [15, 
36]. We did not see significant changes of the Zn peak in the RBS spectra of the annealed samples (not 
shown); thus, the annealing modifies the internal structure rather than the whole of the nanopillar 
thickness.  
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Fig. 2  
RBS spectra of the pristine, as-implanted and as-annealed ZnO nanorods implanted with 400 keV Au+ 
ions using various fluences in a) and Au concentration depth profiles in Au-implanted ZnO nanorods in 
b). 
 
XRD analysis of ZnO nanopillars was carried out by combining the MR 2Θ scans with the HR 2Θ/ω 
scans. The former experiments yielded much higher diffracted intensity, which made it possible to 
determine the ZnO lattice parameters from a large number of diffraction maxima with sufficient 
accuracy. Moreover, these measurements are suitable for searching for possible (very weak) 
diffraction peaks of possible Au nanoparticles. On the other hand, the high diffracted intensity of the 
2Θ scans is achieved by a much worse angular resolution, so that these scans cannot be used for the 
determination of the size of the coherent domains in nanopillars. 
Fig. 3 displays the 2Θ scans measured before (blue) and after (red) annealing. All the ZnO diffraction 
maxima could be identified in the measured curves, while additional non-identified peaks stem most 
probably from the Si substrate. The peak heights roughly correspond to the calculated intensities; 
therefore, the ZnO layer is polycrystalline with no strong texture. Au diffraction peaks were not 
resolved. 
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We fitted the individual ZnO diffraction maxima to Voight functions and from the positions of the 
diffraction maxima we determined the ZnO lattice parameters (see Table 1). For this procedure, we 
used the well-known Cohen‒Wagner approach modified for hexagonal crystals [37]. 
The HR offset scans are displayed in Fig. 4. From the integral widths 𝑤𝑤𝑗𝑗 of the HR diffraction maxima, 
we determined the mean sizes of the coherent domains in the ZnO nanopillars. We assumed that the 
domains are uniaxial ellipsoids oriented along the [0001], where the mean radii along and across [0001] 
are denoted 𝑅𝑅𝐵𝐵 and 𝑅𝑅𝑉𝑉, respectively. We reformulated the Williamson‒Hall approach [38] for 
ellipsoidal domains. The domain radii are determined from the minimum of the following residuum 
function: 

𝑆𝑆 = ∑ �𝑤𝑤𝑗𝑗 cos𝜃𝜃𝑗𝑗 − 𝐴𝐴𝑗𝑗(𝑅𝑅𝐵𝐵,𝑅𝑅𝑉𝑉)− 𝐵𝐵 sin𝜃𝜃𝑗𝑗�
2

𝑗𝑗 ,                                                     (1) 
where the sum runs over individual diffraction peaks with diffraction angles 𝜃𝜃𝑗𝑗, the constant 𝐵𝐵 
accounts for a possible microstrain in the nanopillars (assumed isotropic for simplicity), and  

Fig. 3  
Medium-resolution 2Θ scans measured before (blue) and after (red) annealing of the pristine 
sample (a) and samples implanted with fluences of 1015cm-2 (b) 5 × 1015cm-2 (c) and 1016cm-2 (d). In 
panel (a) we also plotted the theoretical positions and heights of diffraction maxima ZnO (black) 
and Au (green). 
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𝐴𝐴𝑗𝑗(𝑅𝑅𝐵𝐵,𝑅𝑅𝑉𝑉) = 𝜆𝜆𝜆𝜆
�𝑅𝑅𝐵𝐵

2+(𝑅𝑅𝑉𝑉
2−𝑅𝑅𝐵𝐵

2 )sin2(𝛾𝛾𝑗𝑗)

𝑅𝑅𝐵𝐵𝑅𝑅𝑉𝑉
.                                                               (2) 

Here we denoted 𝜆𝜆 = 1.5405 Å as the X-ray wavelength, 𝐾𝐾 ≈ 0.29 is the shape factor, and 𝛾𝛾𝑗𝑗  is the 
angle between the ellipsoid axis (assumed to be parallel to [0001]) and the 𝑗𝑗-th diffraction vector. The 
resulting values of 𝑅𝑅𝐵𝐵,𝑉𝑉 are summarised in Table 1 as well. 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 
 
 
 

Au-ion 
fluence 
(ions. cm-2) 

ZnO nanopillars – 
as-implanted; 
lattice parameters 
(Å) 

ZnO nanopillars – 
as-annealed; lattice 
parameters (Å) 

ZnO nanopillars –
as-implanted; 
domain radii (nm)  

ZnO nanopillars ‒ 
as-annealed; 
domain radii (nm) 

Pristine a = 3.244 ± 0.002  
c = 5.198 ± 0.001  

a = 3.242 ± 0.002  
c = 5.192 ± 0.001 

𝑅𝑅𝐵𝐵 = (21 ± 3) 
𝑅𝑅𝑉𝑉 = (59 ± 1) 

𝑅𝑅𝐵𝐵 = (20 ± 3) 
𝑅𝑅𝑉𝑉 = (65 ± 1) 

1 × 1015 a = 3.243 ± 0.002  
c = 5.192 ± 0.001 

a = 3.241 ± 0.002  
c = 5.189 ± 0.001 

𝑅𝑅𝐵𝐵 = (13 ± 3) 
𝑅𝑅𝑉𝑉 = (23 ± 1) 

𝑅𝑅𝐵𝐵 = (18 ± 3) 
𝑅𝑅𝑉𝑉 = (28 ± 1) 

5 × 1015 a = 3.241 ± 0.002  
c =  5.196 ± 0.001 

a = 3.243 ± 0.002  
c = 5.192 ± 0.001 

𝑅𝑅𝐵𝐵 = (14 ± 3) 
𝑅𝑅𝑉𝑉 = (11 ± 1) 

𝑅𝑅𝐵𝐵 = (20 ± 3) 
𝑅𝑅𝑉𝑉 = (17 ± 1) 

1 × 1016 a = 3.243 ± 0.002  
c = 5.198 ± 0.001 

a = 3.245 ± 0.002  
c = 5.194 ± 0.001 

𝑅𝑅𝐵𝐵 = (15 ± 3) 
𝑅𝑅𝑉𝑉 = (11 ± 1) 

𝑅𝑅𝐵𝐵 = (22 ± 3) 
𝑅𝑅𝑉𝑉 = (17 ± 1) 

Table 1 
The lattice parameters and radii of ellipsoidal coherent domains in ZnO nanorods as implanted with 
Au-400keV ions and as annealed at the various fluences and compared to the pristine ones. 

Fig. 4 
HR offset scans of several diffraction maxima measured before (upper row) and after (bottom 
row) annealing and their fit by Voigt functions (lines). The parameters of the curves are the 
fluences in cm-2, P stands for the pristine sample. 
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Table 1 shows that the lattice parameters do not significantly change in the ZnO nanopillars after 
implantation or annealing. This indicated that Au dopant preferably would not enter any substitutional 
position, as was already seen in [39], but rather creates Au interstitials and clusters. However, we saw 
the modification in the basal and vertical domain radii decreasing with increasing Au-400keV ion 
fluence. After the annealing, we observed the partial restoration of the domain sizes mainly in the 
basal direction and much less in the vertical direction. However, we can conclude from Fig. 3 that there 
is no full restoration of the diffraction peaks, keeping the broader FWHM and the lower intensity 
compared to the pristine sample. Thus the persisting strained structure is evidenced in the ZnO 
nanopillars.  
 
3.3. ZnO nanorods morphology (SEM analysis) 
 
Fig. 5 shows the surface morphology and cross-sectional SEM images of the ZnO nanopillars grown on 
silicon substrates. Medium density and uniformly distributed nanopillars with the upper defined 
hexagonal facets were grown vertically on the substrates. However, some bending and not 
perpendicularly oriented nanopillars appeared in the pristine sample (see Fig. 5a). The diameters of 
the nanopillars were analysed from SEM images, being in the broad range from 77–139 nm and the 
length was deduced from the cross-sectional images, being about 360‒400 nm. The morphologies of 
the nanopillars before and after the Au-400 keV ion implantation are presented with the ascending ion 
fluence in Fig. 5 b, c and d, respectively.  
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Fig. 5. 

SEM analysis of the surface and cross-section morphology of the pristine ZnO nanopillars and as-
implanted with the Au-400keV ions at fluences of 1 × 1015, 5 × 1015 and 1 × 1016 cm-2 in a), b), c) and 
d), respectively. 

The compaction and degradation of the ZnO nanopillars can be observed in Fig. 5 for the higher Au-
ion fluences as a result of radiation damage. SEM images of the ZnO nanopillars after the annealing 
are presented in Fig. 6 for the higher Au-ion fluences of 5 × 1015 and 1 × 1016 cm-2 in Fig. 6a and 6b, 
respectively. It seems that after the annealing the upper ZnO nanopillar parts are slightly restored, but 
subsequent compaction of the nanopillar bases appeared. 
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Fig. 6. 
SEM analysis of the surface morphology of the ZnO nanopillars as-implanted with the 400 keV Au+ ions 
using implantation fluences of (a) 5 × 1015 and (b) 1 × 1016 cm-2,annealed at 750 °C for 15 min. 
 
3.4. Optical properties of Au doped ZnO nanorods 
 
We must emphasise that the PL measurement on the ZnO nanopillars implanted with the Au-400keV 
ions was realised for the as-annealed samples only. The measured PL spectra of the pristine and the 
as-irradiated and annealed samples are presented in Fig. 7. The PL spectra of the pristine samples 
exhibit the near-band-edge (NBE) luminescence band around 368 nm (assigned to exciton 
recombination energy 3.37 eV) and the broad deep-level-emission (DLE) band at 650 nm. After the Au-
400keV implantation, the intensity of NBE emission decreases.  In addition, Fig. 7a presents the same 
data obtained at 10K as raw (unmodified) spectra on a semi-logarithmic scale, revealing the 
implantation-induced changes of the NBE and DLE intensities as well as of the total PL yield (quantum 
efficiency).  Fig. 7b presents PL spectra as a function of the Au implantation fluence plotted on a linear 
scale, where all curves are normalised with regard to deep-level emission (DLE). This way of presenting 
the data highlights the implantation-induced spectral changes within the multi-component DLE band.  
DLE is a decreasing function of the Au-ion fluence, similarly to ion irradiated ZnO nanorods in [40]. The 
DLE emission consists of several peaks attributed to various defects (VO  - green luminescence, the 
transition between Zni and Oi levels - orange-red etc.) [32]. 
ZnO nanopillars implanted with Au-400keV ions and annealed exhibited surface plasmon resonance 
(SPR) activity in the PL spectra measured at 10K in Fig. 7.  The highlighted SPR peak luminescence is a 
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growing function of the Au-ion implantation fluence. SPR is evidenced mainly for the highest Au-
400keV ion fluence of 1x1016 cm-2 after the annealing and it is centred around 520 nm.  
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Fig. 7.  
PL spectra measured at 10K of the post-annealed ZnO:Au nanopillars implanted at various Au-400keV 
ion fluences are presented in a) alongside the same data normalised in the DLE region in panel b). 
 
Optical ellipsometry was employed to follow the structural modification in ZnO nanopillars as well as 
the optical parameters (refraction index and extinction coefficients). It was found that the refraction 
index in the pristine (Fig. 8a – left), as well as in the as-implanted and annealed ZnO nanopillars (Fig. 
8a – right, b, c), exhibited a gradual step-like vertical depth profile. We observed the gradual decrease 
of the refractive index in the upper part of the ZnO nanopillars from the Si substrate towards the 
surface of the ZnO nanopillars in pristine samples. The gradual refractive index is seen due to the pre-
existing stacking basal faults and as a result of the graded transition introduced by the nanopillar film 
between the refractive index of air and that of dense ZnO close to the Si substrate (see Fig. 8a – left). 
The Au-ion implantation induced radiation damage. The implanted and post-annealed samples 
showed the depth profiles of the refractive index, where we observed the decrease of the refractive 
index in the upper part of the ZnO nanopillars (150–300 nm) and the increase of the bottom part of 
the nanopillars (0–150 nm). The calculated projected range of the Au-400keV ions is 65 nm. The real 
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Au depth distribution is even broader than predicted (compared to Fig. 2b, the Au distribution was 
traced by RBS to the depth of about 300 nm. In the upper part of nanopillars with the higher Au 
concentration, a decreased refractive index was observed, whereas the refractive index in the layer 
near the Si substrate (about 150 nm) shows values close to the refractive index of bulk ZnO. The 
thickness of the surface modified layer was modelled for the Au-ion fluences of 1x1015, 5x1015 and 
1x1016 cm-2 as follows: 160, 107 and 125 nm, respectively. After the annealing there appeared a sharper 
interface between the nanopillar upper part (150–300 nm) and the compacted bottom part (0‒150 
nm) see Fig. 8 a, b, c – in the right column.  
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Fig. 8  
Optical ellipsometry measured refraction index depth profiles for the ZnO nanopillars. Left panel: the 
pristine sample in a) the sample implanted with the Au-ions with 5 × 1015 in b) and with 1 × 1016 cm-2 
in c). Right panel: the sample implanted with the Au-ions with 1 × 1015 cm-2 and annealed in a), the 
sample implanted with the Au-ions with 5 × 1015 and annealed in b) and the sample implanted with 
the Au-ions with 1 × 1016 cm-2  and annealed in c). 
 

 
The optical activity of Au nanoparticles is presented for the implanted and annealed samples in Fig. 9. 
The absorption maximum ascribed to Au nanoparticles or clusters is evidenced from 500–650 nm. We 
observe the more pronounced intensity of the absorption peak (SPR) ascribed to the Au nanoparticles 
with the increased Au-ion fluence. Additionally, the peak maximum is shifting to the depth with the 
increased fluence (see Fig. 9). The annealing caused the absorption peak to shift to the higher 
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wavelengths and increased the intensity for the lower fluences. For the highest Au-ion implantation 
fluence of 1 × 1016 cm-2, we do not see this effect.  
In the literature [41], the Au nanoparticles decorating ZnO nanowires were analysed by optical 
spectroscopy. The extinction spectrum contained a distinctive peak at 520 nm which was ascribed to 
the absorption of visible light by Au nanoparticles with a small degree of agglomeration. However, the 
Au nanoparticle shape, size, and complexity influenced the absorption maximum being evidenced from 
520‒600 nm in the literature [14, 42]. We can find the SPR observation in a range of wavelengths of 
530∼585 nm in ZnO-Au composites, where the SPR red shift has been ascribed to the agglomeration 
of Au nanoparticles [43, 44]. The ellipsometric spectra obtained from analysis of pure Au island-like 
films were fitted using the contributions of the Drude function and Lorentz oscillators in [42], where 
the SPR positioned around 600 nm has been ascribed to Au nanoparticles 5‒15 nm in size. We could 
suggest from the results that rather non-spherical Au nanoparticles or clusters are present in the ZnO 
nanopillars.  
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Fig. 9  
Optical ellipsometry measurement of extinction coefficients in the as-implanted ZnO nanopillars with 
the Au-ions at various fluences and subsequently annealed at 750 °C. 
 
 

4. Discussion  

We presented the creation of Au nanoparticles in ZnO nanopillars by ion beam implantation. We 
followed also the defect accumulation in nanostructured ZnO. For the Au-400keV ions the nuclear 
stopping dominates and it is much higher than the electronic stopping along most of the ion path. 
Nuclear collisions will result in the formation of point defects such as vacancies, interstitials, etc. by 
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displacement of the lattice atoms, which will degrade the crystallinity of the ZnO. The growth rate in 
the ZnO nanostructures may differ in the polar c-plane (0001) compared to the non-polar facets a-
plane (11-20) and m-plane (10-10), where polar ZnO surface growth is not energetically favourable due 
to the higher surface energy compared to non-polar planes [45]. Thus this effect will play a complex 
role in the case of ZnO-nanopillars irradiation, where all cuts (crystallographic orientations) are 
influenced simultaneously. The study in [15, 36] has revealed interesting differences connected to the 
non-polar facet expansive strain and polar cut compressive strain induced by ions, where spherical 
point defect formation has been observed, being thermally unstable at 600 °C in polar cut. On the 
contrary, thermally stable larger extended defects appeared in the non-polar cuts of ZnO. Nanopillars 
possess a very high effective surface compared to ZnO bulk, which can serve as an effective sink for 
radiation defects and possible defect annihilation. The energy of impinging ions during ion 
implantation will be released also in the form of heat and phonons. However, while bulk ZnO has 
excellent thermal conductivity, nanopillars separated with air can suffer from inefficient heat transfer 
between them. It was observed in the experiment devoted to Au-1MeV ion irradiation of single 
crystalline ZnO that the c-plane experienced a compressive strain along the c-axis and non-polar facets 
rather than expansive strain [36]. With the increased Au-ion fluence, we observed the narrowing of 
the ZnO nanopillar upper parts and simultaneously the broadening of the nanopillar base, which could 
be connected to the compressive strain observed in single crystalline c-plane ZnO. Such a shrinking 
effect was observed also as a consequence of annealing treatment at 900 °C in an oxygen atmosphere 
in [29], where it was shown that nanowires exhibited rough side facets as the result of annealing.  

It was found that implantation-induced effects and thermal effects influence the Au nanoparticle 
coalescence as well as the quality of the ZnO nanopillars. The implantation at the higher fluences 
induced the compaction of the nanopillar bases, which are turned into a continuous layer after 
annealing. We deduced the shrinking of the observed domain sizes in the basal as well as the vertical 
direction (along the c-axis) as a descending function of the Au-ion fluence. This effect is more 
pronounced for the higher ion fluences and, being evidenced in all the as-annealed samples, such kind 
of compaction was already shown in the RBS analysis (narrowing of the evidenced ZnO layer thickness) 
as well as in XRD measurements (decreasing the domain size in the vertical direction). 

Thermal degradation seems to affect mainly the ZnO nanopillar shape; however, the internal structure 
seems to be partially healed up. The radiation damage could be more easily removed due to the defect 
migration towards the surface, in contrast to the thermal dissipation causing a more distinctive 
thermal degradation. SEM visualisation of the ZnO nanopillars corroborated the results evidenced by 
RBS, XRD and ellipsometry. We observed the erosion and narrowing effect of the implanted ZnO 
nanopillars due to the accumulation of radiation defects and the creation of Au nanoparticles, leading 
to the compression in the c-plane. The dislocation density is suggested to be increased with the 
decreasing domain sizes evidenced by XRD.  These defects seem to migrate into the nanopillar parts 
closer to the Si substrate. The ZnO nanopillars on the surface include separated regions of air. It seems 
from SEM and ellipsometric measurement that these air regions between the nanopillars are larger on 
the top of the nanopillar layer and instead much smaller close to the Si substrate. The heat produced 
by ions is not efficiently transferred between nanorods in the upper parts; in contrast, this heat 
transfer will be better in the nanopillar bottom. Under the same irradiation fluence, the temperature 
of the nanorod arrays will be much higher than that of the bulk ZnO. Such nanopillar upper part 
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narrowing and nanopillar side-wall modification were recently found in N and H ion irradiated ZnO 
nanorods in a broad ion fluence range in [27, 28]. This effects are even more pronounced after 
annealing in connection thermal effects and defect migration at increased temperature. In [43] it was 
theoretically predicted, and compared to experiments, that the zinc interstitials are mobile species 
responsible for the healing of the crystal at low temperatures. 

The ZnO nanopillar compression was also confirmed with the NBE blue shift to the lower wavelengths 
(about 361 nm) at the highest Au-ion fluence. Alvi et al. [46] observed a similar blue shift of UV emission 
in ZnO nanorods/p-GaN light- emitting diodes treated by helium-ion bombardment. The blue shift in 
the excitonic emission peak can be attributed to the presence of homogeneous compressive strain 
produced by the Au-ion irradiation increasing the band gap [47]. This effect is in accordance with XRD 
analysis of the ZnO nanopillars, where the vertical radii of domains are not restored after annealing. 

For the single crystalline ZnO, the DLE band appeared around 550 nm - a green emission (GE) - whose 
origin is assigned to transitions including oxygen-vacancy VO defects in the ZnO structure [11, 48]. The 
red centred DLE around 1.8 eV (650 nm) is ascribed to O and Zn vacancies [40]. The DLE red shift 
observed in the pristine ZnO nanopillars compared to pristine single crystalline ZnO can be connected 
to the fact that the formation energy of various defects responsible for DLE centred in various 
wavelengths is also a function of the morphology [40]. As defect formation energies at the surface are 
lower than in the bulk, they may result in a high defect concentration at the surface. The surface effects 
become dominant in the photoluminescence, while the surface‒volume ratio increases with 
decreasing nanopillar size. Thus it is clear that the surface effects and surface band bending are 
important to ZnO-visible PL. The mechanism of how the surface effects influence the 
photoluminescence is still debatable [40].  
 
SPR activity of the Au nanoparticles was proved by optical ellipsometry as well as photoluminescence 
in the ZnO nanopillars. Both revealed that clustering of Au particles is highly probable. We did not find 
evidence of any cubic fcc structural form of the Au nanoparticles in bulk ZnO facets in our previous 
results [36] or in ZnO nanopillars in this experiment. Instead, Au nanoparticles in hcp symmetry were 
found in bulk ZnO, slightly differing in size depending on the ZnO cuts used [36].  In the literature [14, 
42] a distinctive peak at 520 nm in extinction spectrum was ascribed to the absorption of visible light 
by Au nanoparticles with a small degree of agglomeration, instead the complex Au nanoclusters 
influenced the absorption maximum being evidenced from 520‒600 nm [14, 42]. We can find the SPR 
observation in a range of wavelengths of 530∼585 nm in ZnO-Au composites, where the SPR red shift 
has been ascribed to the agglomeration of Au nanoparticles or rod-like particles [43, 44]. We could 
suggest from the results that rather non-spherical Au nanoparticles or clusters are present in the ZnO 
nanopillars in our case.  
 
 
5. Conclusions 
We presented the capabilities of Au-ion beams with the energy of 400 keV and the fluence above 1 × 
1015 cm-2 on Au-nanoparticle synthetisation in ZnO nanopillars. We also discussed the difference of Au 
nanoparticle creation in bulk ZnO based on our previous results as compared to ZnO nanopillars 
presented in this work, where the creation and optical activation (SPR evidence) of Au nanoparticles 
seem to be easier to achieve. This could be connected with the fact that ZnO nanopillars exhibited a 
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polycrystalline character with domains whose boundaries can act as a sink for defects. Au coalescence 
is supported more than in rigid single crystalline materials. Due to the bending of the nanopillars, both 
polar and non-polar planes play a role in simultaneous radiation defect commutation, causing 
modification of the nanopillar shape. We presented results showing that the ZnO nanopillars exhibited 
a promising ability to create Au nanoparticles with SPR activity. Compared to single crystalline ZnO, 
the ZnO nanopillars showed effective defect migration and annihilation in nanostructured ZnO due to 
the large effective surface. 
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