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In this work, we studied the effect of technological regimes and proton implantation on the processes of 

defect formation in single-crystal n-type silicon (n-Si) doped with platinum using the method of impedance 

spectroscopy. It has been established that radiation-induced changes in the electrical conductivity of silicon 

depend significantly on the technological regimes of doping with impurities in silicon. Hodographs show that 

doping with platinum leads to a decrease in the electrical resistance of silicon samples. Irradiation with 2 MeV 

protons at a dose of 5.1 × 1014 particles / cm2 leads to a significant (2-3 times) increase in the electrical 

resistance of the silicon samples under study. It is concluded that the relatively high resistance to radiation 

exposure (resistance change of no more than 16%: from 55 kΩ to 65 kΩ as a result of ion implantation) of 

samples doped at 1200°C is presumably due to a higher concentration of impurity ions (platinum) in the samples 

volume compared to 1100°C. 

 

Keywords: silicon, platinum, doping, high-temperature diffusion, proton irradiation. 
 
1. Introduction 

Modeling, synthesis and research of new functional materials are among the most urgent scientific 

problems of our time. The microstructure and isovalent impurities determine the functional properties of 

materials of this class. That is why the study of the electrical properties of semiconductors and 

semiconductor structures, taking into account their real microstructure, is an important and urgent task [1-4]. 

New materials based on silicon, in particular, those containing platinum (n-Si<Pt>) as a dopant (n-type 

conductivity), have not been studied enough and are of interest for fundamental science and practical 

applications. 

Modification of the properties of semiconductor materials by beams of light ions, in particular, protons, 

is one of the most promising and actively developing physical and technological methods in recent years 

[5,6]. Interest in the implantation of protons in silicon crystals is due to a wide and controllable range of 

processed depths (from 0.1 μm to 1 mm) and the absence of complex radiation complexes with a high 

annealing temperature after irradiation. The main three factors affecting the change in the properties of 

semiconductors after proton irradiation are: a change in the electrical properties of semiconductors, radiation 

defect formation, and the accumulation of hydrogen atoms [7,8]. 

The purpose of this work is to study the effect of technological regimes and proton implantation on the 

processes of defect formation in single-crystal n-Si<Pt> using impedance spectroscopy. 

Electrochemical impedance spectroscopy (EIS) is one of the most informative methods for the 

electrochemical study of materials due to its unique ability to separate the kinetics of various stages 

occurring in electrochemical processes. Impedance measurements are performed over a wide frequency 

range (about nine decades), which makes it possible to observe processes with a large difference in time 

constants. EIS can be used to isolate and evaluate electronic and ionic conductivities, fast electrochemical 

kinetics, diffusion and other transport restrictions, as well as the formation and development of new phases 

[9]. 
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2. Materials and methods 

The objects under study were n-type silicon wafers 1.5 x 6 x 13 mm in size with a resistivity of 40 Ω 

cm (KEF-40 grade). The wafers were cut from silicon ingots grown by the Czochralski method. Diffusion 

doping of silicon with platinum was carried out from a layer of metallic Pt deposited on the silicon surface in 

evacuated quartz ampoules at temperatures of 1100 and 1200 °C for 2 hours. Subsequent cooling of the 

samples was carried out using the thermal regimes given in [10–12]. The phosphorus dopant concentration in 

the initial n-Si samples was 4.2 × 1014 at/cm3. 

After thorough cleaning of the surface, the doped samples were irradiated with protons with an energy 

of 2 MeV, at a current of 0.5 μA to obtain a dose of 5.1 × 1014 particles / cm2 using an electrostatic 

accelerator "EG-5" in the Laboratory of Neutron Physics of the Joint Institute for Nuclear Research (FLNP 

JINR). 

The study of the EIS of silicon samples was carried out at room temperature (300°K) on an 

impedancemeter "Sp-200 BioLogic" in the frequency range of 1 Hz ÷ 1 MHz at an excitation signal voltage 

of 10 mV. Overhead electrodes were made of copper foil, the clamping was carried out using a foam sponge. 

In our representation of a contour with distributed parameters, these parameters were calculated according to 

the expression: 

τf = R1P1, τd = (R1)2/(2Wsr1
2)                                                                                                                     (1) 

 

The optical properties of the surface of the samples were studied using an ELLIPS-1991 spectroscopic 

ellipsometer at room temperature. The measurements were carried out in the wavelength range 350 ÷ 1000 

nm with a step of 2 nm, the angle of incidence of the light beam was 70°. The elemental composition of 

silicon samples was determined by X-ray spectral microanalysis using a scanning electron microscope 

(SEM). 

3. Results and discussion 

On figure 1 shows the impedance hodographs of an undoped n-Si sample before and after irradiation 

(hereinafter referred to as “initial”). 

 

Fig.1. Hodographs of the original n-Si sample. before (1) and after (2) irradiation. 

 

The impedance spectrum (Fig. 1, 1-curve) is in the resistance range 93Ω÷ 128.7 kΩ and has the shape 

of an arc of a circle, which is typical for the electrode reaction. The section of the diagram in the range from 

0 ÷ 93 Ω along the X axis corresponds to the resistance of the electrolyte [13,14]. 

The impedance spectrum of the irradiated sample (Fig. 1, curve 2) has a similar shape and is in the 

range 248 Ω ÷ 673 kΩ. It can be seen that irradiation in this case led to an increase (by almost a factor of 5) 

in the resistance of the sample, presumably due to the formation of defects in the crystal lattice [15,16]. 

On figure 2 shows the impedance curves of the n-Si samples doped with Pt at a temperature of 1100°C 

for 2 hours before and after irradiation. A curve in the form of an arc of a circle is observed in the range of 

ohmic resistance values up to 99.42 kΩ. Irradiation leads to an increase in ohmic resistance at least 4 times 

(up to 422 kΩ, Fig. 2. 2-curve). 

The hodograph of fig.2, as in the case of fig.1, can be described by one equivalent electrical circuit 

(fig.3). It should be noted that the scatter of points in the low-frequency region is relatively small, compared 
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to the unirradiated sample, which indicates a relatively high homogeneity of the conduction channels after 

irradiation, which is in good agreement with the literature data [17]. The most significant factor of radiation 

exposure is radiation defect formation, in particular, the formation of vacancies. Among such defects, one 

should first of all include oxygen vacancies Oi - vacancy V (A-center), divacancies (V-V) and the boron 

complex PS (at the site) - vacancy V (E-center). 

 

 
Fig. 2. Hodographs of the I-batch of n-Si samples doped with Pt before (1) and after (2) irradiation. 

Tdiff=1100 оС, tdiff =2 hours. 

 
Fig.3. Equivalent electrical circuit, where R1 is active resistance; CPE - constant phase element; Ws1 is the “final” 

Warburg element characterizing the diffusion properties of the sample. 

 

On figure 4 shows the impedance hodographs of the n-Si sample doped with platinum (tdiff = 2 h, Tdiff = 

1200°C) before and after irradiation. On fig. 4 (curve 1) there is a semicircle with a limiting ohmic resistance 

of 55 kΩ. Consequently, doping led to a decrease in the ohmic resistance of the sample by almost 2 times. It 

can be seen (Fig. 4, curve 2) that irradiation with protons leads to an increase in the resistance value from 55 

kΩ to 65 kΩ. 

 
Fig. 4. Hodographs II - batch of samples of n-Si doped with Pt before (1) and after (2) irradiation. 

Tdiff=1200оС, tdiff. =2 hours. 

Analysis of the obtained results showed that the slope of the hodograph (Fig. 4, curve 1) of the 

unirradiated sample at high frequencies is 39°, i.e. a linear diffusion process occurs in a homogeneous layer 

with a slight deviation from Fick's second law [18]. After irradiation of the samples (Fig. 4, 2-line), the slope 

increases to 65.45°, i.e. diffusion limitations appear, which are probably associated with a violation of the 

homogeneity of the material. The obtained results showed that irradiation of n-Si<Pt> samples by protons 

with an energy of 2 MeV with a dose of 5.1 × 1014 particles / cm2 leads to a significant increase (2-3 times) 

in the electrical resistance of the silicon samples under study. Moreover, the observed effect largely depends 

on the doping temperature (Table 1). 
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Table 1. Limiting values of ohmic resistance of Si samples doped with Pt at 1100°C and 1200°C before and after 

proton irradiation. 

  

Sample resistance [kΩ] 

n-Si 
n-Si<Pt> 

1100 °C 

n-Si<Pt> 

1200 °C 

Before irradiation 129 99 55 

After irradiation 673 422 65 

 

The results of measurements of the impedance of the studied samples showed that there is a linear 

decrease in electrical resistance, starting from a frequency of 1000 Hz. Up to a frequency of 1000 Hz, the 

electrical resistance remains almost unchanged. Table 2 below shows the values of the active resistance of 

the equivalent circuit described by the Rendlis circuit [19]. These values also undergo changes after doping 

and irradiation, in particular, after doping - decreases, after irradiation - increases (Table 2).  

The frequency dependence of the Randlis contour can be expressed in terms of two time constants for 

the Faraday (τf) and diffusion (τd) processes [19]: 

τf = RctCdl , τd = (Rct)2/(2Wsr
2)                                                                                                                    (2) 

The relatively high resistance to radiation exposure (resistance change of no more than 16%: from 55 

kΩ to 65 kΩ as a result of ion implantation) of samples doped at 1200°C is presumably due to a higher 

concentration of impurity ions (platinum) in the sample volume compared to 1100°C (the coefficient of 

diffusion of platinum at 1200°C is almost 3 times higher than at 1100°C) [20,21]. 
 

Table 2. Summary table for the variant of EEC approximation by the Randlis contour with distributed parameters. 

 

Options n-Si 
n-Si 

(irradiated) 

n-Si<Pt> 

(1100 0C) 

n-Si<Pt> 

(1100 0C, 

irradiated) 

n-Si<Pt> 

(1200 0C) 

n-Si<Pt> 

(1200 0C, 

irradiated) 

R1 1.0414×105 4.6704×105 98320 4.3122×105 22513 25789 

P1 2.8859×10-10 4.6399×10-10 1.4253×10-10 1.9715×10-10 4.143×10-09 3.7722×10-10 

n1 0.9345 0.88054 0.94156 0.91684 0.71875 0.90322 

Wsr1 1.3446×106 1.8216×107 5.7689×106 9.8787×106 4.5293×106 9.5534×106 

Wsc1 0.016903 0.0084157 0.00015914 1.2457×10-10 0.0051843 0.0030387 

τF= R1·P1, с 3.0×10-5 2.2×10-4 1.4×10-5 8.5×10-5 9.3×10-5 9.7×10-6 

τD, с 3.0×10-3 3.3×10-4 1.4×10-4 9.5×10-4 1.2×10-5 3.6×10-6 

 

The presence of platinum in single crystals is confirmed by X-ray spectral analysis (Fig. 5), and is 3.04 

at. % or 8.74 wt.%. for samples doped at 1100°C (Fig. 5a) and 7.38 at. % or 15.48 wt.%. for samples doped 

at 1200°C (Fig. 5b). 

 

  
a) b) 

Fig. 5. Energy-dispersive spectra of silicon samples doped with platinum at 1100 °С (a) and 1200 °С (b). 
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The energy-dispersive spectra presented in Figure 5 indicate the presence in the composition of the 

studied samples, in addition to platinum, oxygen and carbon atoms in a small percentage concentration. 

Additional experiments were carried out using ellipsometric spectroscopy and the optical parameters of 

various layers formed on the surface of doped samples were determined. Ellipsometry measures the change 

in polarization when light is reflected or transmitted from a material structure. The change in polarization is 

represented as the ratio of the amplitudes Ψ and the phase difference Δ. The measured response depends on 

the optical properties and thickness of the individual materials. Figure 6 shows the Ψ- and Δ-spectra of the 

initial, doped and irradiated samples. 

 

 
Fig.6. Ψ-spectra (a) and Δ-spectra (b) of samples: 1 - original, 2 - doped with platinum at 1100 °C and 3 - doped with 

platinum at 1200 °C. the black line is the best fit curve. 

 

It was found that only an oxide layer with a thickness of 5.37 nm was observed in the initial samples 

(Table 3). After doping with platinum atoms at 1100°C, in addition to the oxide layer, a diffusion layer 21 

nm thick appears on the surface of the samples, and the thickness of the oxide layer increased to 10.86 nm. 

Doping with platinum at a temperature of 1200°С leads to the appearance of a diffusion layer 30.4 nm thick 

and a decrease in the oxide layer by 8.98 nm (Table 3). 

 

Table. 3. Parameters of oxide and diffusion layers on the surface of silicon samples. 

No Samples 
Thickness (nm) 

Native oxide layer Diffusion layer 

1 Si 5.3772 0 

2 Si-Pt-1100° 10.86 21 

3 Si-Pt-1200° 8.9791 30.4 

 

It is known that a natural oxide layer is formed on the surface of semiconductor materials in an oxygen 

atmosphere [22]. Therefore, in the three-layer model used to explain the results of ellipsometric spectroscopy 

measurements, the natural oxide layer is always taken into account. A three-layer model was used in the 

calculations, including a natural oxide layer, a diffusion layer, and a crystalline silicon substrate [23]. For the 

natural oxide layer, the dispersion model of Cauchy and Urbach was used (Fig. 7), and for the diffusion layer 

of the samples, the parametric Si model was used (Fig. 8). 

The dispersion models of Cauchy and Urbach give the following dependence of the refractive index 

n(λ) and the extinction coefficient k(λ) on the light wavelength λ(nm), respectively [24]: 

𝑛(𝜆) = 𝐴 +  
𝐵

𝜆2 +  
𝐶

𝜆4 + ⋯                                                                                                                        (3) 

𝑘(𝜆) =  𝛼𝑒
𝛽(1240(

1

𝜆
 − 

1

𝛾
))

                                                                                                                          (4) 

 

where A, B, C are the Cauchy coefficients, α is the amplitude of the extinction coefficient, β is the 

exponential factor, and γ is the band edge. 
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a) b) 

Fig.7. Optical constant spectra of Cauchy and Urbach: a - refractive index n(λ); b - extinction coefficient k(λ). 

  
a) b) 

Fig.8. Optical constant spectra for the diffusion layer of Si samples.  

a is the refractive index n(λ); b - extinction coefficient k(λ). 

 

4. Conclusion 

Thus, by the method of electrochemical impedance spectroscopy, it was established that doping of n-Si 

samples with Pt impurity at different temperature conditions contributes to a significant (2-3 times) increase 

in their electrical conductivity (Table 1). It is shown that the higher the concentration of electroactive 

platinum atoms, the lower the concentration of radiation defects, and this, in turn, leads to a decrease in the 

electrical resistance of silicon samples. 

It has been found that doping samples at 1200°C increases the radiation resistance of silicon samples. 

Increasing the doping temperature to 1200°C leads to the appearance of a linear diffusion process in the 

sample in a homogeneous layer with a slight deviation from Fick's second law. 

The mechanism of radiation defect formation is presumably associated with the formation of complexes 

of radiation defects in the crystal lattice, which change the geometry of the electrical conductivity channels 

and create reactivity. 

Using ellipsometric spectroscopy, the presence of diffusion and oxide layers on the surface of the 

original and doped samples was established. It has been established that, in the initial samples, implantation 

leads to the appearance of only an oxide layer 5.37 nm thick. After doping, in addition to the oxide layer, 

diffusion layers also appear. The thickness of diffusion layers in silicon doped at 1200°C is 1.5 times greater 

than in silicon samples doped at 1100°C. 
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