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Samples of SiO2(600 nm)/Si have been implanted with Zn ions (140 keV, 5×1016 cm-2) and O ions (50 keV, 5×1016 cm-2) at room 

temperature and afterwards annealed at 750ºС for 120 min in air ambient. The Zn depth distribution profiles of the implanted and 
annealed samples were analyzed by Rutherford backscattering spectroscopy (RBS). The structural and light emitting properties of 
the annealed samples were studied using TEM in “plan-view” geometry as well as electron micro-diffraction and photoluminescence 
(PL) at low (4 K) and room temperatures. The RBS analysis has revealed the bimodal shape of the Zn concentration profile. TEM 
analysis shows a non-uniform Zn-based cluster size distribution after annealing. The near-surface (0-60 nm) layer contains small 
clusters (2-11 nm). The large clusters (up to 35 nm) and clusters covered with oxide shells as well as and the secondary defects 
have been formed in the depth of 60-120 nm. The deepest implanted layer (120 - 200 nm) layer contains small nanoclusters with 
sizes of 5-10 nm. The crystal structure of the synthesized ZnO clusters is confirmed by the presence of narrow rings in diffraction 
patterns. Room-temperature PL spectrum exhibits the intensive deep level emission (DLE) in visible spectral range with dominant 
orange band (2.1 eV) and sharp weak near band edge (NBE) emission at 3.244 eV. At low-temperature (4.2 K) UV band dominates 
in PL spectrum which consists of two intense peaks at 3.324 and 3.274 eV and some narrow bands in blue-violet range attributed to 
phonon replicas of these bands. The crucial role of oxygen interstitials in radiative recombination is discussed. 
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Introduction 

Nanostructures of ZnO have recently attracted 
attention due to their unique semiconducting, optical, 
piezoelectric and pyroelectric properties. To develop 
novel nanoscale devices based on ZnO nanostructures 
they should be embedded in transparent matrix like 
silica, glass or Al2O3. It can be successfully realized by 
sol-gel technique [1, 2], reactive magnetron sputtering 
[3] and ion implantation [4, 5]. The latter method has 
some advantages as clean process, high chemical 
stability, possibility to control concentration and depth 
of embedded nanoparticles. In addition, this technique 
is entirely compatible with current semiconductor 
industry. 

To date, the regimes of implantation and 
subsequent annealing of implanted layers for 
syntheses Zn, ZnO and Zn2SiO4 were tested. 
However, there are still a number of concerns about 
defect states in synthesized nanoclusters. In ion beam 
synthesis process, impurity concentration, annealing 
regimes, interaction with matrix effect on growth 
parameters and, in turn, defect composition of formed 
clusters. The understanding of defect type and their 
role in carrier recombination process is important for 
future optoelectronic and spintronic application of ion-
beam synthesized ZnO nanocrystals. Low-temperature 
photoluminescence (PL) is the best method of defect 
structure analysis. There are only a few reports on low-
temperature ZnO nanocrystals synthesis in silica 
matrix by ion implantation [4, 5]. However, the study [4] 
did not convey insight into the nature of defects 
responsible for bound-exciton lines observed in low-
temperature PL spectra.  

In this work, we present the results of room and 
low-temperature luminescence in full visible spectral 

range studies accompanied by the structural 
peculiarities of ion beam synthesized ZnO 
nanocrystals. 

 

Experimental 
The initial sample SiO2/Si structures were cut from 

the thermally oxidized Si-substrates. The thickness of 
the SiO2 layer as measured by transmission electron 
microscopy in cross-section geometry (XTEM) was 
600 nm. This sample was implanted at room 
temperature with 140 keV-Zn ions to the fluence of 
5×1016cm-2 and 50 keV-O ions to the fluence of  
5×1016 cm-2. Afterwards, the sample was annealed at 
750 ºС for 120 min in air ambient. 

The Zn concentration depth distributions of the 
implanted and annealed samples were analyzed by 
Rutherford backscattering spectroscopy (RBS) using 
1.5 MeV He+ ions. The fit of experimental RBS spectra 
to simulated ones was carried out by SIMNRA code. 
The structural investigations and phase analysis of the 
annealed sample was carried out using TEM in the 
“plan-view” geometry as well as electron micro-
diffraction (SAD). Photoluminescence spectra were 
recorded at low (4 K) and room temperature in the 
energy range of 1.77 – 3.54 eV. The 3.81 eV (325 nm) 
emission line of continuous wave He-Cd laser was 
used for excitation. 

 

Results 
Figure 1 shows the simulated (SIMNRA-2010) and 

calculated from experimental RBS spectra Zn 
concentration profiles in the implanted silica layer. 
Oxygen concentration profiles are not shown because 
O as light atom is very difficult to determine by RBS. 
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For the as-implanted sample, the maximum of zinc 
concentration (6.5 %) is located at the depth of 115 
nm. The comparison of simulated and calculated 
spectra gives a Zn impurity loss of 33 %. It should be 
noted, the small separate concentration maximum 
(2%) is observed at the depth of 70 nm. Subsequent 
annealing (750 °C, 120 min) does not result in a 
noticeable change in the concentration distribution. 

 

Fig. 1. The depth distribution of Zn (given in at. %) simulated 
(SRIM-2010) (1) and calculated from RBS spectra for the as-
implanted (2) and annealed (3) implanted films 

Figure 2 shows plan-view TEM images of the 
nanoclusters synthesized in the silica after implantation 
with subsequent annealing. The Gaussian-like depth 
distribution of the implanted impurities results in non- 

uniform cluster size distribution after annealing. To 
demonstrate this, TEM images have been taken at 
different depths of the sample. The near-surface (0-
60 nm) layer (Fig. 2 a) contains small clusters (2-11 
nm). The largest clusters (30–35 nm) have been 
formed in the middle of the implanted layer (Fig. 2 b). 
Some of these clusters are covered with oxide shells 
(Fig. 2 d). Also, the secondary defects (stacking faults, 
twin boundaries) are registered inside some of them. 
The deepest implanted layer (from 120 to 200 nm) 
contains small nanoclusters with sizes of 5-10 nm (Fig. 
2 c). The crystal structure of the synthesized ZnO 
clusters is confirmed by the presence of narrow rings 
in diffraction patterns attributed to (100), (101), (110) 
and (103) crystal planes of ZnO (Fig. 2 e). 

Figure 3 shows PL spectra registered at room 
temperature and at 4.2 K. Room-temperature PL 
spectrum exhibits the intensive deep level emission 
(DLE) in visible spectral range with dominant orange 
band (2.1 eV) and sharp weak near band edge (NBE) 
emission at 3.244 eV that characteristic of ZnO NCs 
emission. It is attributed to ZnO free exciton 
recombination at room temperature. For nano-ZnO 
embedded in silica matrix such UV band was 
registered in spectral range 3.10-3.36 [4, 6, 7]. 
Different position of this band is explained by quantum 
confinement, stress, self-absorption effects as well as 
exciton-phonon coupling [8]. One can see that the 
more intense visible emission is mainly composed of 
two PL bands. A relatively weak band at spectral range 
2.3–2.7 eV is characteristic green emission of ZnO 
nanoparticles [7].  
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Fig. 2. TEM images (a-d) and electron diffraction pattern (e) of the annealed implanted silica film at the depth of (0–60) nm (a), (60–
120) nm (b, d) and (120–200) nm (c). Fig. 2 d shows the enlarged highlighted area in Fig. 2 b. 

0-60 nm 60-120 nm 120-200 nm 
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Fig. 3. PL spectra at room (1) and low (4.2 K) (2) 
temperatures of ZnO nanocrystals in silica matrix. Inset 
shows exciton lines in UV spectral range. 

This emission is attributed to different types of defects 
such as Zn and oxygen vacancies, interstitial Zn, 
surface state etc. The literature indicates that such 
orange emission is observed when oxygen rich ZnO-
growth condition occurs. For example, in the Ref. [7] 
the visible emission from annealed Zn-implanted SiO2 
samples have shifted from green to red spectral range 
when annealing atmosphere had been changed from 
nitrogen to oxygen. Based on the finding from Refs 
[10] devoted to formation of ZnO films, it can be 
concluded that annealing under O2 ambient results in 
the formation of Oi defects. In our case, additional 
implantation of oxygen creates conditions favourable 
for the formation of Oi defects. 

At low-temperature (4.2 K) UV band dominates in 
PL spectrum. It consists of two intense peaks at 3.324 
and 3.274 eV (shown in inset) and some narrow 
bands in blue-violet range attributed to the phonon 
replicas of these bands. According to the literature 
data, low temperature ZnO NCs emission usually 
occurs through recombination of excitons bonded to 
donors. In the present case, the UV emission can be 
assigned with donor and acceptor bound excitons. It 
should be noted that our PL spectrum at low 
temperature is like a spectrum of ZnO NCs 
synthesized by implantation of ZnO+ molecular ions in 
silica matrix [11]. Taking into account interpretation of 
room temperature spectra, oxygen interstitials are 
responsible for acceptor levels, while vacancies and 
interstitial Zn formed donor levels. 

 

Conclusions 
In summary, the embedded impurity distribution, 

structural and light emitting properties of “SiO2+Zn+O-
based NCs” composite created via high-fluence zinc 
and oxygen ion implantation and thermal annealing in 
air have been studied using RBS, TEM, SAD and PL. 
The clusters (size from 2 to 35 nm) have been formed 
in annealed samples. The crystal structure of the 

synthesized ZnO clusters is confirmed by the 
presence of narrow rings in diffraction patterns. A part 
of large clusters looks like core (Zn)/shell(ZnO) 
structure. Room-temperature PL spectrum is 
characterized with the intensive DLE emission with 
maximum at the orange range (2.1 eV) and sharp 
weak NBE emission at 3.244 eV. The dominant 
orange band is attributed to Oi defects. At low-
temperature (4.2 K) UV band dominates in PL 
spectrum with two intense lines at 3.324 and 3.274 eV 
and some narrow bands in blue-violet range. The UV 
lines are attributed to excitons bonded to donors 
(vacancies and interstitial Zn) and to acceptors 
(oxygen interstitials). 
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