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Abstract 
In this work, SiO2 layers containing Ge nanocrystals (NCs) obtained by the hot implantation approach 

were submitted to an ion irradiation process with different 2 MeV Si+ ion fluences. We have investigated the 
Photoluminescence (PL) behavior and structural properties of the irradiated samples as well as the features 
of the PL and structural recovery after an additional thermal treatment. We have shown that even with the 
highest ion bombardment fluence employed (2x1015 Si/cm2) there is a residual PL emission (12 % from the 
original) and survival of some Ge NCs is still observed by Transmission electron microscopy analysis. Even 
though the final PL and mean diameter of the nanoparticles under ion irradiation are independent of the 
implantation temperature or annealing time, the PL and structural recovery of the ion-bombarded samples 
have a memory effect. We have also observed that the lower the ion bombardment fluence, the less efficient is 
the PL recovery. We have explained such behavior based on current literature data. 

 

1. Introduction 
First experiments using ion implantation as a technique to produce Si or Ge nanocrystals (NCs) in order 

to study their electro-optical properties were already reported in the early 90’s [1-3] and the promising results, 
motivated by the possible applications in electronic and photonic devices, were followed by an intense research 
activity, as illustrated by the review of Rebohle et al. [4]. Commonly, photoluminescence (PL) from Ge 
nanocrystals (NCs) has been obtained by room temperature (RT) Ge implantation into a SiO2 matrix followed 
by a high temperature anneal [4,5].  

Few years ago, we have reported interesting results about the optical and structural properties of Si NCs 
embedded into SiO2

 matrix, obtained with the substrate kept at high temperature (hot implantation) during the 
Si implantation process [6,7]. Recently, motivated by the results observed with Si NCs in SiO2, we have 
studied the PL behavior from Ge NCs produced using the hot implantation approach and preliminary results 
were published in a conference proceeding paper [8]. However, at that moment, we did not have an 
explanation for the enhancement in the PL yield and we have proposed that transmission electron microscopy 
(TEM) analysis could elucidate the above-described feature. 

We have undertaken the present work with two main goals: First, to perform a structural characterization 
of the samples, comparing the Ge NCs distributions obtained by implantation at RT and further anneal at 900 
°C with those obtained by hot implantation, after the 900 °C anneal. Based on these experiments, we intend to 
explain the PL enhancement observed in the hot implanted samples. Second, to study the PL behavior of the 
samples under an ion irradiation process as well as the subsequent further annealing used to recover the PL 
emission. These measurements are also followed by TEM analysis, in order to observe the structural changes 
that occur during the PL quenching and recovery process. 

 

2. Experimental procedure 
A 320 nm-thick SiO2 layer, thermally grown onto a Si <100> wafer, was implanted with 120 keV Ge ions 

keeping constant the substrate temperature from RT up to 600 ºC. The implantation was done at a fluence of 
1.2x1016 Ge/cm², corresponding to a Gaussian-like depth profile with a peak concentration of about 3 at %. 
The as-implanted  samples  were  then  annealed  at  900 ºC for  1  h  in  order  to  grow the  Ge NCs.  The  thermal  
annealing was performed in different atmospheres (N2, Ar and forming gas) using a quartz-tube furnace with 
times  varying  from  1  h  to  3  h.  Afterwards,  we  have  bombarded  the  Ge  NCs  with  a  2  MeV  Si+ beam with 
fluences ranging from 2x1011 to 2x1015 Si/cm2 searching for the PL quenching. Subsequently, we have 
annealed the samples at 900 °C additionally for 1 h, in order to recover the PL yield. The PL measurements 
were performed at RT, using a Xe lamp monochromated at 240 nm (5.1 eV) as an excitation source. The 
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sample emission was dispersed by a 0.3 m single spectrometer and detected with a CCD. The structural 
characterization was performed by transmission electron microscopy (TEM) using a 200 keV JEOL 
microscope with the samples prepared in a cross sectional mode by mechanical polishing and ion milling 
techniques. 

3. Results 

3.1.  Hot implantation effect: PL emission and TEM results 
In Fig. 1, are shown the PL spectra of samples implanted at RT and 350 °C with a fluence of 1.2x1016 

Ge/cm2 and further annealed at 900 °C by 1 h. The inset illustrates the evolution of the emission yield as a 
function of the substrate temperatures used in the implantation process. Although all hot implanted samples 
present a PL yield higher than the RT implanted ones, the PL shape is similar. From now, we will report on 
the results of samples implanted at RT and 350 °C, which presents the highest PL yield.  

The TEM measurements reveal the formation of crystalline Ge nanoclusters in both RT and hot implanted 
samples after the 900 ºC anneal, as shown in Fig. 2a) and b), respectively. For the RT implanted sample (Fig. 
2a) we have found a Gaussian–like NCs size distribution with large clusters located at the center of the 
implantation profile and smaller ones towards the edges of the distribution. Concerning the hot implanted 
samples (Fig. 2b), the mean size and size distribution differ significantly. In fact, the Ge NCs distribution 
presents a positive gradient profile of particle sizes along depth. However, when we calculate the mean 
diameter of both size distributions we obtained a larger value for the RT implanted sample, 3.6 nm, against 
3.0 nm for the hot implanted one, as displayed by the corresponding histograms in Fig. 2 c) and d), 
respectively. 

 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

3.2. Irradiation and post-annealing results 
In this experiment, samples implanted with a fluence of  =1.2x1016 Ge/cm2 and  annealed  for  1  h  

(pristine sample) were submitted to an ion bombardment process with a 2 MeV Si+ beam with fluences 
between 2x1012 Si/cm² and 2x1015 Si/cm². The chosen energy is high enough to irradiate the whole SiO2 film.  

In Fig. 3a, we show the evolution of the PL spectrum of hot implanted samples (Ti=350 °C) submitted to 
different ion irradiation fluences. In comparison to the non-irradiated sample (pristine sample), it can be 
observed that the PL yield diminishes with increasing irradiation fluences. For fluences higher than 2x1014 
Si/cm2 the PL spectrum reaches a minimum yield (12 % from the original) with the same line shape and 
intensity, as the spectrum of the sample irradiated with 2x1015 Si/cm². In sequence, in Fig. 3b is shown the PL 
recovery behavior of the corresponding samples under an additional 1 h anneal at 900 °C. The pristine sample 
was also submitted to the additional thermal treatment resulting in a sample annealed by 2 h. As can be 

 
Fig. 1. PL spectra from samples implanted at 

RT (symbols) and 350 °C (line) with a fluence 
=1.2x1016 Ge/cm2 annealed at 900 °C by 1 h. 

The inset shows maximum PL yield as a function 
of the implantation temperature. 

 
Fig. 2. Detailed TEM view showing the NCs size 

distribution for a) RT implantation b) high 
temperature implantation (samples implanted to  = 
1.2 x 1016 Ge/cm2 and annealed at 900 °C by 1 h). 
Corresponding histograms: c) RT implanted sample 
and d) hot implanted sample. 
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observed in Fig. 3b, the higher the irradiation fluence applied to the pristine sample, the more efficient the PL 
recovery. 

 
Fig. 3. a) PL spectra of samples after an irradiation process with Si ions at different fluences. b) PL 

spectra of the irradiated samples after a further annealing at 900 °C by 1 h. Black Line and symbols represent 
the PL spectrum of the sample implanted at 350 °C with a fluence of 1.2x1016 Ge/cm2 and annealed at 900 °C 
without irradiation. 

3.3. TEM analysis  
It is important to point out that even for samples bombarded with the highest fluence we have still 

observed surviving nanocrystals, as evidenced by the high-resolution TEM (HRTEM) micrograph in Fig. 4.  
In Fig. 5, we show (on the left) the histograms from TEM observations of a hot implanted and RT pristine 

samples that were irradiated with a fluence of 2x1015 Si/cm2 (Fig. 5 (a) and (b)). On the bottom of the Fig. 5 
are shown the corresponding histograms of the irradiated samples after proceeding an additional anneal at 900 
°C by 1 h (Fig 5 (c) and (d)).  

 
 
 
 

 
 
 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
By comparing the results presented in Fig. 5, we can verify that the mean diameter of both samples 

converge to the same value after the irradiation process (~3.2 nm). On the other hand, the further anneal of 
the corresponding samples (on the right side of Fig. 5) shows as a result, histograms with a more uniform size, 
presenting the same mean diameter values (3.9 nm and 4.3 nm for the hot and RT implanted samples, 
respectively) as compared to the pristine samples (without irradiation), but with 2 h of annealing. It is 
reasonable, because the irradiated samples had an additional hour at 900 °C in order to recover the PL yield. 
We would like to mention that when we submitted a pristine sample (RT or hot implanted) annealed by 2 h to 
the irradiation process, the resulting mean diameter was also ~3.2 nm, since the amount of Ge in the SiO2 
matrix is independent of the implantation temperature. Table 1 shows a summary of the present results for the 
mean diameters obtained from the histograms of the TEM observations. An important feature to point out is 
that the evolution of the system with the annealing time after the irradiation process continues depending on 

 
 
Fig. 4. HRTEM image showing Ge NCs 

embedded in a SiO2 matrix. It corresponds to 
a sample implanted at 350 °C with a fluence 
of 1.2x1016 Ge/cm2 and annealed by 1 h that 
was irradiated with a 2 MeV Si+ ions  at  a  
fluence of 2x1015 Si/cm2. 

 
Fig. 5. (On the left) Size histograms from TEM 

micrographs of: (a) hot implanted and (b) RT pristine 
samples irradiated with 2x1015 Si/cm2. (On the right) 
Corresponding size histograms of further annealed 
samples after the irradiation process: (c) hot and (d) 
RT implanted samples. 
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the temperature that the samples were implanted, because the final mean diameter is equivalent to the 
corresponding pristine samples (RT and hot implanted ones) with 2 h of annealing –see table 1. 

 
Tab. 1. Size histograms from TEM analysis 

Description Mean diameter (nm) (± 5%) 

Hot-implanted RT 
1 h-annealed 3.0 3.6 

1 h-annealed and further 3.3 3.2 
irradiated and 1 h further 3.9 4.3 

2 h-annealed 3.9 4.3 
2 h-annealed and further 3.3 3.3 

4. Discussion and conclusions 
The nature of the PL bands in this system is well known, being attributed to radiative defects present at 

the Ge NCs/matrix interface, specifically, neutral oxygen vacancies (NOV) like Ge–Si  and/or Ge–Ge  
defects generated by the local deficiency of oxygen and the incorporation of Ge into the SiO2 network 
surrounding the NCs [2, 4, 5, 9].  

The hot implantation approach has given an increase of a factor of three in the PL yield, as compared 
with the one obtained by RT implantation. By TEM analysis, we have shown that the Ge NCs produced by hot 
implantation have a mean diameter size (3.0 nm) smaller than the corresponding ones produced by RT 
implantation (3.6 nm). Since the surface to volume ratio is larger for smaller precipitates, then, more Ge 
atoms contribute to form NOV defects centers at the NC/matrix interface, consequently giving place to a 
higher PL yield, as illustrated in Fig. 1.  

In  Ge  NCs  in  SiO2, although we have observed survival nanocrystals even after the highest irradiation 
fluence of 2x1015 Si/cm2 –see Fig. 4, the residual PL emission (Fig. 3a) is probably associated to the remaining 
radiative centers related to Ge–Ge and/or Si–Ge bonds, which survived the irradiation process. Further, the 
large number of non-radiative defects generated in the matrix during the ion bombardment also contributes 
significantly to the reduction of the PL yield. 

Concerning the TEM analysis after the irradiation process, we have observed that the resultant mean 
diameter after ion irradiation is practically the same independent of the implantation temperature of the 
sample. This feature can be clarified based on the fact that the Ge excess is the same in both samples, also 
independent of the annealing time. Then, when the system is perturbed with this high fluence of Si ions, the 
size distribution converges to a similar configuration at the end of the irradiation process. However, the 
memory of the size distribution is conserved, since the mean diameter and size distribution have the same 
characteristics of the pristine samples (RT and hot implanted) annealed for an additional hour – see Table 1. 
This can be attributed to the fact that the irradiation process mostly acts in the fragmentation of the 
nanoparticles and does not contribute to a redistribution of the Ge content due to irradiation-induced diffusion. 
The PL recovery is in agreement with the above statement, since for the irradiated samples the PL yield 
increases after the post-annealing, reaching the same value of the pristine sample annealed additionally by one 
hour.  

In Fig. 3b is observed that the lower the irradiation fluence, the less efficient is the PL recovery. We can 
explain this feature by a selective effect of the ion bombardment on the nanoparticles. The global effect at low 
ion irradiation fluences is more pronounced on the smaller nanoparticles, which are the main source of the PL 
emission and have a surface/volume ratio higher than the larger ones. This statement has a support in a work 
that uses a combination of molecular dynamics (MD) simulations and x-ray absorption spectroscopy (XAS) to 
study the amorphization of Ge and Si NCs embedded in amorphous SiO2 by ion irradiation, published by M. 
Backman et al. [10]. There they show that, the susceptibility to amorphization decreases with increasing 
nanocrystal size. In our case, after the post-annealing, the fragments of these smaller nanoparticles could 
agglutinate, resulting in an increase in the mean size of the overall distribution, which would diminish the PL 
efficiency.  

On  the  other  hand,  for  larger  nanoparticles  a  higher  number  of  incident  ions  is  necessary  to  provide  a  
considerable fragmentation of them, which, after the further annealing, would turn enable the formation of 
smaller nanoparticles as an overall result and a consequent increase in the PL efficiency. 

A last issue to point out is that we have observed by TEM analysis the survival of some Ge NCs even 
under the highest ion irradiation fluence of 2x1015 Si/cm2 –see Fig. 4. This observation is at variance with the 
results published by Djurabekova et al. in a study about the behavior of bulk and nanostructured Ge under ion 
irradiation with 5 MeV Si+ ions, at liquid nitrogen temperature [11]. By Extended X-ray Absorption Fine 
Structure (EXAFS) experiments, they have observed a clear amorphization of Ge NCs already with the fluence 
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of 2x1013 Si/cm2. This divergence could be attributed to the different irradiation energies and substrate 
temperatures used during the irradiation process in each experiment. 
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