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Introduction 

In the work [1] particular attention was paid to the role of jump recharging in strongly 

defective semiconductors. Jump recharging leads to dynamic phenomena that cause ' 

significant changes in the electric properties of materials with a high concentration of point 

defects. Among these phenomena, the non-monotonous (step-like) increase in the 

amorphisation dose accompanied by increase in the ion implantation temperature of silicon 

[2, 3], as well as the effect of self-restructuring in the course of silicon and CdTe 

implantation [4], can be listened. The inost significant evidence of the i~fluence of jump 

recharging on the properties of semiconductors is, however, a thermally activated 

increase in the permittivity of silicon following its irradiation with high neutron doses [5]. 

The chief point of the phenomenon is that jump charge exchange between two initially, 

neutral defects leads to the formation of dipoles, and as a result, to increase in the 

polarization of strongly defective silicon .. 

Ion implantation can be considered, for many reasons, as a very precise and effective 

method of producing defects in semiconductors and that is why, we decided to investigate 

the effect of ion implantation on the dielectric properties of silicon. The results of the 

research are presented in this paper. 

2. Methodology 

Plates of silicon doped with boron, phosphorus or antimony were implarited with N\ • 
Ne+ or Ar+ ions with 100 keV energy and the ion current density of0.5 - 1 µA/cm2

, in doses 

from 5 • 1013 to 2 • 1015 cm·2 at room temperature [6]. In the next step these plates were used 

as capacitors and the . implanted layers of high resistivity served as dielectrics. The non

defective silicon layer formed one of the capacitor plates and the other plate was obtained by 

applying silver paste onto the surface of the implanted layer. The resistance of the implanted 

layer, as well as the capacity and loss tangent of the capacitors, were measured by means of a 

digital meter at the frequencies of 0.1; 1.0; and 10 kHz. In the course of measurements the 

temperature of samples was 20°c. Next, the samples were subjected to thermal annealing. 

The annealing duration at each of chosen temperatures was 15 min. The values of the 

capacity of the capacitors were referred to the surface unit area of lmrn2
• The experimental 

error of the measured values of the C capacities were estimated as no more than 7-10%. 

3. Results and discussion 

The experimental results are shown in Figs 1-4. Figure 1 presents dependences of the 

unit capacity C (Fig. I a) and the loss tangent tg6 (Fig. I b) on the annealing temperature for the 

samples doped with boron (resisitivity p = 0,03 Ohm-cm), phosphorus (p = IO Ohm-cm) and 

antimony (p = 0,01 Ohm-cm) and implanted with Ar+ ions in doses D = 2 • 1014 cm·2 • As can 

be seen from Fig. la, the capacity vs. annealing temperature Ta curves have similar shapes. 



The largest unit capacity was obtained for the plates doped with boron at T.ss300°c. 

Difference of the samples doped with various chemical elements is more evidently illustrated 
by the curves oftgo = f(T.). 
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Fig. L The dependences of the unit capacity C (a) and the tgo (b) of the silicon layers doped 

with phosphorus, boron or antimony and implanted with At ions, E= IOOkeV, j = 0,5 µA/cm 2 , D = 

2xl014cm·2 ,on the temperature of isochronous annealing of 15 min. duration (the lines are only to 

guide the eye) 

In Figure 2, the C=f(Ta) and tgo=f(Ta) dependences for the silicon plates doped with 

boron (p = 0,030hm-cm) and implanted with N+, Ne+ or Ar+ ions in doses of 2 -10 14cm·2 

,are presented. 
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Fig. 2 .The dependences of the unit capacity C (a) and the tgo (b) of the silicon layers doped 

with boron and implanted with ions: N', Ne+, Ar+, E= IOOkeV,j = 0,5 µA/cm 2 , D = 2x10 14cm·2 ,on 

the temperature of isochronous annealing of 15 min. duration (the lines are only to guide the eye). 
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The analysis of the data shown in Figs I and 2 points to existence of two regions of 

annealing temperatures over which the behavier of the C=f(T .) and tgo=f(T .) curves differs 

significantly depending on the investigated region. From 20 to 200°C a slight decrease in the 

unit capacity and a much stronger drop of tgo can be observed. At these temperatures the 

largest changes in C and tgo occur in the silicon doped with boron and the smallest. in the 

silicon doped with phosphorus. The type of implanted ions influences just slightly the 

changes in C but produces a much stronger effect on tgo (Fig.2). The other region of the 

annealing temperatures (Ta > 200°C) shows·a dramatic increase in the C capacity which 

reaches its maximum at T0ss330°C (Figs la and 2a). 

Quantitative explanation of the measured dependences of C=f(Ta) and tgo=f(T.) 

remains the subject of our current research and also requires an additional detailed study, 

Below we shall only give a restricted qualitative description of the observed phenomena. 

As is well-known, in silicon samples ion implantation results in numerous radiation 

defects different in type and electric charge. Due to this. the pem1ittivity of the irradiated 

silicon increases. In order to· reduce both defect concentration and the permittivity. the 

samples are always annealed at elevated temperatures. However, along with increasing of the 

annealing temperature, an opposite effect is often achieved. e.g. increase in the san1ple 

permittivity. For instance, such effect takes place in silicon in the conditions of high defect 

concentration. The phenomenon was explained by us as a result of a jump electron exchange 

between two nearest defects [I]. If these defect~ are initially in the neutral state. the electron 

exchange leads to formation of electric dipoles, and finally to increase in the permittivity. 

These dipoles are responsible for additional polarization of the defective silicon. As they are 

not stable, their orientation does not require additional energy of the external electrical 

field [10]. 

Figure la showes that, along with the annealing temperature, in the temperature range 

up to -200°C the capacity of the capacitors decreases. This means that in our experimental 

conditions, the process of defect annealing dominates over the fom1ation of the dipoles. 

According to the data from [7] in the considered range of temperatures the annealed defects 

are mainly the divacancies and the Si-P3 defects. The divacancies are in neutral state and can 

forme the dipols. 

However, defects of the Si-P3 type are the interstitial sites and have the positive 

charge. Thus, the jump charge exchange between them docs not cause fonnation of 

additional dipoles and finally, increase in the permittivity. This only leads to the jump 

conductivity of the .defective silicon. Due to this effect the capacitor losses. as well as the 

values of tgo must diminish. The dependence of tgo on the kind of implanted ions at Ta 

<200°C seems to support this conclusion. The threshold energy of generation of the Si-P3 

defects is comparatively high [5]. and the probability of their formation should grow with 
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mass of the implanted ions (N\ Ne+, At). Exactly the same sequence of the tgo drops was 

measured in our investigation (Fig.2b). 

The performed studies have also shown that in the first region of annealing 

temperatures the values of tgo depend on the kind of impurities existing in the silicon 

samples (Fig.la). It seems to us that this effect may be attributed to the phenomenon 

observed in [8], namely, during implantation part of impurity atoms leaves the lattice point 

positions and then, occupy intemodal ones. As a results of these displacements, changes in 

the capacitor conductivity, as well as in the tgo values, must occur. Figure I b showes that tgo 

reaches its highest values in silicon samples doped with boron. This is in good agreement 

with the above consideration, because the atoms of this chemical elements get displaced 

from the lattice nodal positions more quickly than those of phosphorus or antimony [8]. 
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The second region of 

annealing temperatures (Ta > 

200°C) is more interesting from 

the point of view of future 

applications. In this region a 

dramatic increase (by a factor of 

20-30)in the capacity of capacitors 

occurs. This gives some 

possibilities to use strongly 

, defective silicon for the production 

of capacitors for integral 

systems.In the considered range of 

temperatures a rapid growth of the 

Fig. 3.The dependence of the unit capacity c and tgli of the interstitial concentration of Si-82 
type was reported [9]. As these 

silicon doped with boron on the Ne+ ion implantation defects are in the neutral states - in 

doses, E= IOOkeV, j = 0,5 µA/cm2. (the lines are only to our opinion - the jump charge 

guide the eye). 
exchange between them leads to 

increase in the permittivity as a 

result of dipole formation. Further decrease in C along with Ta can be explained by the effect 

of the domination ofSi-82 defect annealing over dipole generation. 

. In the second range of temperatures, especially above 330°C: the influence of the 

mass of implanted ion on the silicon dielectric properties is well seen.·· Several phenomena 

could be responsible for such behaviour of the curves (Fig.2a). The most probable one is the 

following. The implantation of Si samples was performed at constant ion energy, E=IO0 

keV. This implies that the thickness of silicon defective layers L must be the largest for N+ 
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and the smallest for Ar+ implantations. This is in good agreement with the data shown in 

Fig.2a, as the C capacity is inversely proportional to L. 

Figure 3 presents the dependences of the unit capacity C and tgo on the dose of Ne+ 

ions at T.=330°C. At this temperature the C capacity reaches its maximum value. Also the 

above mentioned figure shows that changes in C and tgo following one dose of implantation 

proceed in an almost mirror-reflection symmetry. This can be a good evidence of the same 

mechanism of the effect, namely, the jump recharging is responsible for both the capacity 

changes and the capacitor losses. In particular, the capacitor losses are the result of jump 

conduction, e.g. jump transfer of charges between defects. 

If one assumes that capacitor losses occur only due to the changes of the sample 

conduction , a simple aritmetical calculation yields the following formula: 

21tftg8CR = 21tfEE0p = 1 (1) 

where f denotes the applied frequency of the digital meter, C and R are the capacity 

and the resistance of the capacitor, respectively. 
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Fig.4. 21tftg1iRC as a function of the implantation dose and the measuring frequency of the 

digital meter . Silicon was doped with boron and implanted with Ne+ ions. The annealing 

temperatures were: 100°c, 200°c, 330°C, 450°C (the lines are only to guide the eye). 

Figure 4 shows that within errors of no more than ±15%, the obtained results are in 

good agreement with Eq. l. This means that in the considered capacitors made of implanted 

Si layers of high resistance, no additional mechnisms causing losses, e.g. relaxation losses, 

exist. The absence of such relaxation losses was also noted in our earlier study [10]. 
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Th~ p~per presen~sre~ult~ of research i~to the incr~aseof permittivity ~esulting 
from•implanting of silicon with ions ( N+, Ne\ Ar+ )and ~ubjecting it to.thermal. 
·annealing. Obtained .results indicate that the increase of permittiv_ity is caused 
by jumping charge: exchange 'bet\\"een defects., The influence . of\ v~:iou~' .kinds 
of defects, (diva_cancies,' Si-f3 -and Si-B2. interstitials) on perinittivity and i tg0 
9f the impla~ted silicon
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