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A brief overview of this work main achievements and already presented in the conclusion 

sections of the last three chapters is given. 

On the first part of this work, lattice location studies of strontium, iron, silver, cadmium, 

tin, and ytterbium implanted into the 3.2 eV band gap insulator SrTiO3 were performed. These 

investigations were complemented by PAC analysis of point defects recovery for silver- and 

cadmium- implanted SrTiO3 samples. The lattice location studies of Fe-implanted SrTiO3 were 

discussed together with RBS/C, PIXE and magnetic characterization studies. 

The EC, RBS/C and PAC techniques were used to study the implantation damage 

recovery upon annealing to conclude that effective recovery of implantation damage in SrTiO3 

is around 1000-1250 ºC, under air, which is much higher than the 400-600ºC recrystallization 

temperature of amorphous SrTiO3 reported in the literature. 

RBS/C gave information about the crystalline quality of the samples before and after ion 

implantation as well as following damage annealing at 900ºC. In addition, the depth distribution 

of disorder induced by 60 keV ions at different fluences in SrTiO3 was also determined along 

random and three major crystalline axes. The crystal quality, characterized by the minimum 

yield, was in all cases below ∼10%, except for the as implanted samples that was of ∼80%. This 

indicated significant lattice implantation damage recovery but not complete since the measured 

minimum yield measured from a virgin sample was ∼ 2-3%. Further annealing at 1000ºC and 

1250ºC caused minimum yields decrease down to ∼4 and 2.5%. The implantation damage on 

both Fe-implanted samples extends to a similar depth, i. e. 67 and 77 nm. These values 

compared to width of the implantation layer in both cases lead to conclude that the 

amorphization threshold is below or equal to 1×1015 at/cm2. That is, an amorphized region 

dominates damage built up for  fluences equal or above 1×1015 at/cm2 since no emission 

channelling effects show up neither in the as implanted  state or after annealing up to 400ºC. On 

the contrary, SrTiO3 implanted with 8×1014 at/cm2 of 89Sr atoms following implantation showed 

emission channelling effects. Therefore, the amorphization threshold was determined to be 
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between 8×1014 at/cm2 and 1×1015 at/cm2. An interesting feature of SrTiO3 is that the 

introduction of implantation damage at levels around the amorphization threshold seems to 

induce the appearance of a mosaic structure in the samples. As a result, the channelling effects 

become broadened and less intense, which pointed out the importance of taking in account the 

mosaicity during experimental data fitting in order to obtain the most reliable quantitative 

results of lattice site occupancy. The fit of each experimental pattern to the correspondent 

theoretical resulted from considering a smoothing Gaussian distribution with width above the 

angular resolution of 0.1º of the channelling technique. It varied between 0.1º and 0.8º for 

patterns acquired following implantation and decreased down to ~0.25º and 0.3º after 1250ºC 

and 900ºC annealing. This suggests an incomplete annealing of defects surrounding Sr atoms 

and Fe-implanted atoms. Besides, the developed lattice mismatch between the implanted layer 

and the sample substrate for the referred samples was estimated to be 0.15º and 0.2º. However, 

it is not possible to extract from those numbers two mosaic components of tilt and twist. This 

would require characterizing the samples by X-rays diffraction, which is crucial to do in a near 

future to accurately determine the lattice site occupancy. 

For high fluencies the defects concentration rises sharply due to the formation of extended 

defect configurations at a depth corresponding to the maximum of nuclear collision energy loss, 

and may only be removed by annealing at high temperatures. 

While Sr-implanted sample to 8×1014 at/cm2 revealed to have high Sr substitutional 

fraction (~100%) at Sr-sites already in the as implanted state, the Fe-implanted sample whose 

fluence was higher than the amorphization threshold, only showed highest substitutionality 

(~50%) of Fe atoms and Ti sites after annealing at 600 ºC and above. However, if the annealing 

temperature exceeds the 800 ºC, the rms displacements definitely increase indicating that at this 

temperature vacuum annealing may have introduced oxygen vacancies favouring the formation 

of O
3
Ti VFe −+  pairs. Contrarily, the rms values of Sr high fluence sample significantly decrease. 

In any case the accuracy of these values is limited as a result of the mosaic broadening. The 
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pairing of  with nearest neighbour oxygen vacancies created during vacuum annealing was 

also suggested by the EC experiment performed with SrTiO3 implanted to a low fluence of 

2×1013 at/cm2, since Fe atoms were formed at three lattice sites: Ti, Ti à O, and O sites to 32%, 

43% and 10%. The averaged rms displacements perpendicular to Ti sites and Ti à O sites 

range between 0.17 Å and 0.24 Å. 

Defects formation of -VO was very early detected by electron paramagnetic 

resonance (EPR) and literature points out that Fe in those specific defects configuration moves 

towards the oxygen vacancy around 0.2 Å along <100>. In fact, this value is comparable to the 

one measured by emission channelling, strongly corroborating the hypothesis of Fe displaced 

atoms in the 2×1013 at/cm2 Fe implanted sample be due to àVO defects. 

The fact that foreign impurities exhibit larger rms displacement values than thermal 

vibration amplitudes of Sr and Ti atoms are really due to a physical displacement of the probe 

atoms and not due to major deviations between simulation and experiment as shown by the 

lattice site location study performed with 89Sr-implanted in SrTiO3 to a fluence of 2.5×1013. 

Perfect incorporation was achieved after optimum annealing at 1000ºC, and it was characterized 

by a substitutional fraction of 89Sr at Sr-sites of ~100% and the rms displacements decreased 

down to 0.1º-0.4º, values that were close to the Sr thermal amplitude but still high. 

Another major finding is that most of the implanted foreign atoms in SrTiO3 (with the 

exception of Fe) behave in an amphoteric way, i. e. they partially substitute for Sr- and Ti- sites. 

For instance, 169Yb ions implanted into SrTiO3, revealed an almost evenly substitution at Sr- 

and Ti- sites for the implanted ions, revealing their amphoteric behaviour. After annealing at 

865ºC, ∼97% of the implanted 169Yb/Tm atoms occupied sites displaced from Sr- and Ti- 

substitutional sites by up to 0.23 Å, or with a mean projected displacement of 0.14 Å for Sr- and 

Ti- rms displacements. 



  

 

CHAPTER 7 CONCLUSIONS                                                                                                                         242 

The same lattice sites were previously found for other lanthanide ions such as erbium as 

was studied by Araújo et al, illustrating the fact that lanthanides are very similar with respect to 

their chemical properties.  

The lattice site location of the low-fluence implanted transition metals from period IV and 

V was also investigated. Except for Fe, large fractions 80-84% of all investigated impurities 

were found to be located on (near-) substitutional Sr- and Ti- sites, exhibiting thus an 

amphoteric behaviour. These observations can be discussed qualitatively based on the atomic 

radius of the impurities and on the bond strengths with their surrounding atoms. In spite of that 

fact, all of the investigated substitutional impurities are displaced from the perfect substitutional 

Sr- and Ti- sites. The rms displacements are still not far from the lattice atomic vibrations but do 

not exceed ∼0.26 Å. Since these displacements decrease as a function of annealing temperature, 

they are most likely caused by implantation-induced point defects in the vicinity of the impurity 

atoms. 

 As a last remark it is important to state that before the last annealing step, Ag, Fe and Yb 

also occupy an octahedral fraction in the as implanted state but, after further annealing, it 

vanishes. 

The combination of all lattice site location studies, performed with transition metals 

SrTiO3, allowed introducing an empirical model aiming to predict the fraction of certain 

implanted ions at Sr- and Ti-sites of the SrTiO3 perovskite structure. The empirical occupation 

trends for Sr and Ti sites are given by: 

 

 

It is evident that transition metal ions preferentially occupy Ti-sites if the ionic radius is 

lower than that of Cd2+ (0.97 Å), if equal, they evenly distribute in Sr- and Ti-sites, and if the 
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ionic radius is higher, Sr-sites are greatly preferred. In summary, SSr and STi are always inversely 

proportional when the ionic radius of the implanted ion is approximately equal to 0.97 Å. 

Significant differences between measured and predicted substitutional fractions exist only 

for Fe3+, otherwise they are in average ∼ ± 3.5%. The somewhat bigger discrepancy between the 

measured and predicted substitutional fractions of Fe at Sr- and Ti-sites was thoroughly 

explained in the conclusions of Chapter 5. 

The problem of host cation substitutional fractions prediction is particularly acute for 

transition metal oxides because of the degree of ionic-covalent bonding present and competing 

interactions that this type of bonding generates. Because of this complexity the empirical trends 

above based on such small set of data are not that precise. However, despite still preliminary, 

the trends clearly reveal the amphotheric character of the majority of transition metal in SrTiO3 

and represent a first order assessment. The usefulness of more accurate empirical trends are of 

crucial importance in the rational design of advanced materials as well as to help in the 

evaluation of theoretical model based in computer simulations that indeed reveal some 

limitations when compared to experimental data. An example is the Akhatar model for the 

reasons already stated in the Conclusions section of Chapter 5.  

The effects of Fe fluence, induced defects and temperature in the magnetic behaviour of 

56Fe-implanted in SrTiO3 samples were studied by means of a SQUID magnetometer. As a 

result, the presence of a hysteretic signature to a Fe fluence of 10 at.% was found. A moment of 

7.5µB per implanted atom in this phase was observed at 10 K and of 6.8µB at 100 K. As a 

consequence, a spin ferric state higher than 25  is predicted for Fe diluted atoms. Their 

magnetic moment intensity depends on the number of Fe atoms sitting at Ti substitutional sites 

and of -VO complexes. As a result, it may be suggested that the observed ferromagnetic 

signature may be associated with a charge compensation oxygen vacancy mechanism as 

discussed in chapter 5. This is in agreement with the reported EPR studies as well as with the 

impurity band model of Coey et. al for ZnO, which states that polarons bound to oxygen 



  

 

CHAPTER 7 CONCLUSIONS                                                                                                                         244 

vacancies mediate ferromagnetic coupling between Fe ions. Nevertheless, the reason for 

ferromagnetism in diluted magnetic semiconductors is still a matter of controversy and is not 

yet well understood. Further investigations are necessary in order to understand the nature and 

origin mechanism of the ferromagnetic phase observed in the 10% Fe-implanted SrTiO3 

sample.  

On the second part of this work, a new fast electron pad detector and data acquisition 

system were developed, tested and commissioned with the aim of extending the available 

probes for lattice site location studies. Namely, those emitting conversion electrons down to 25-

30 keV as well as short lived radioactive probes. This implied the use of self-triggering readout 

chips and a 1mm thick silicon pad detector. Subsequent tests as well as EC experiments with 

61Co and 56Mn short-lived isotopes implanted in ZnO and GaN semiconductors were performed 

(reported in chapter 6). These experiments required performing implantation and data 

acquisition at the same time. The maximal event readout frequency of was of 3 KHz in sparse 

with adjacent channels readout mode. 

The prototype development, operation and analysis of the data taken imply fundamental 

achievements. In the technological aspect two are the most important goals accomplished. One 

is the development of 1mm thick silicon detectors with low leakage current, whose contribution 

to the energy resolution of the detector is almost negligible and low noise readout electronics. 

Silicon pad detectors provide suitable energy resolution at RT and adequate spatial resolution. 

In particular, thicker silicon detectors have the advantage of enhancing the efficiency for 

detecting electrons. The energy resolution in FWHM measured with a 241Am source including 

data from all detector pads is ∼2.7 KeV. For electrons of 50 keV, the measured energy 

resolution in FWHM was ∼5 keV against the ∼10 keV in FWHM energy resolution of 

conventional EC setups. For electrons the energy resolution is obviously worse than for 

gammas due to electron scattering either on dead layers of the detector, either due to the 

scattering inside the implanted sample. In addition, there was an experimental evidence of 
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conversion electrons detected with 34.2 keV, whose energy resolution in FWHM keV was 

roughly estimated to be ~9 keV, being detected with 27.5 keV. Hence, the total energy loss was 

7 keV. On the other hand, the lowest detectable energy for X-photons with good efficiency was 

17.4 keV and the correspondent energy resolution was ~2.4 keV. 

Through different tests and runs, data were collected using the new developed data 

acquisition system. The data analysis has helped to optimize the detector performance and to 

identify some problems, in particular in sparse readout modes. Nevertheless, some of the 

problems could be solved. Example is the gain calibration method followed in sparse readout 

mode in order to suppress the effect of huge gain difference among some pads in the resulting 

gain calibrated spectrum. On the other hand, pedestal calculation in sparse readout mode as well 

as gain calibration in sparse with adjacent channels readout mode are two problems limiting the 

prototype performance. This is of crucial importance to achieve a good spectra energy 

resolution, which implies a good energy (i.e. gain) calibration obeying to a relationship that 

proved to be not linear. In any case, the presented results in chapter 6 are very promising for a 

first test. Ongoing work is focused in solving these main encountered problems, in view of the 

construction of a second prototype. Further tests with low electron emitter sources will be done 

in order to better define the lowest detectable energy limit. 


