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Abstract:  

This thesis investigates the influence of slow and rapid cooling regimes on the 

structural state of rhodium-diffused phosphorus-doped n-type silicon 

monocrystals. Rhodium diffusion was carried out after high-temperature 

treatment at 1300 °C, and the structural changes were analyzed using X-ray 

diffraction with special attention to the dominant (111)Si reflection. The XRD 

profiles show that both slow-cooled and rapidly cooled n-Si<P,Rh> samples 

preserve the main monocrystalline orientation of the silicon matrix. However, the 

cooling regime significantly affects the intensity and shape of the (111)Si 

diffraction peak. The slow-cooled sample exhibits a higher peak intensity and a 

broader diffraction line with FWHM = 0.163°, indicating stronger coherent 

scattering from the silicon matrix and a more developed redistribution of 

rhodium-related defect complexes. In contrast, the rapidly cooled sample shows 

a lower peak intensity and FWHM = 0.147°, which may be associated with the 

preservation of non-equilibrium defects, frozen microstrain fields, and local 

impurity-defect configurations. The observed difference between the two 

diffraction profiles confirms that post-diffusion cooling is an important 

technological parameter for controlling the structural state of rhodium-doped 

silicon. Slow cooling promotes partial relaxation and stabilization of Rh-related 

structural regions, whereas rapid cooling preserves a more non-equilibrium defect 

state. These results are important for the optimization of silicon-based 
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optoelectronic, microelectronic, and radiation-resistant semiconductor devices. 
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Rhodium-diffused n-type silicon monocrystals are of considerable interest for 

semiconductor materials science because transition-metal impurities can strongly 

modify the defect structure, recombination behavior, internal strain state, and 

phase stability of silicon. In particular, rhodium atoms introduced into 

phosphorus-doped silicon may interact with vacancies, interstitial defects, 

oxygen-related complexes, and the silicon lattice itself. These interactions are 

strongly dependent not only on diffusion temperature and time, but also on the 

post-diffusion cooling regime. Therefore, the comparison of slow and rapid 

cooling after high-temperature treatment is important for understanding the final 

structural state of n-Si<P,Rh> monocrystals [1]. 

In the present thesis, the structural state of rhodium-diffused phosphorus-doped 

n-type silicon monocrystals is analyzed using X-ray diffraction. The main 

attention is focused on the (111)Si diffraction peak because this reflection is the 

dominant structural feature of the investigated monocrystalline silicon matrix. 

The samples were treated at 1300 °C, after which two different cooling regimes 

were applied: slow cooling and rapid cooling. The XRD profiles of these two 

samples are compared in the angular interval 2θ = 28.0°–29.0°, where the (111)Si 

reflection is clearly observed. 
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Figure 1. X-ray diffraction profiles of the (111)Si reflection for rhodium-

diffused n-Si<P,Rh> monocrystals after high-temperature treatment at 1300 °C 

under slow cooling and rapid cooling regimes. The slow-cooled sample shows 

higher peak intensity and FWHM = 0.163°, whereas the rapidly cooled sample 

shows lower intensity and FWHM = 0.147°. 

As shown in Figure 1, both samples exhibit a clearly defined diffraction 

maximum corresponding to the (111)Si crystallographic plane. This confirms that 

the main monocrystalline orientation of the silicon matrix is preserved after 

rhodium diffusion and subsequent cooling. The preservation of the (111)Si peak 

indicates that high-temperature rhodium diffusion does not destroy the basic 

diamond-type crystal structure of silicon. However, the shape, intensity, and 
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width of the diffraction peak change noticeably depending on the cooling regime. 

These changes demonstrate that the post-diffusion thermal history has a 

significant influence on the microstructural state of rhodium-diffused silicon. 

The slow-cooled n-Si<P,Rh> sample shows a higher (111)Si peak intensity than 

the rapidly cooled sample. The maximum intensity of the slow-cooled curve 

reaches approximately 8.6 × 10⁵ pulse·s⁻¹, while the rapidly cooled sample 

reaches approximately 6.2 × 10⁵ pulse·s⁻¹. Since both samples were subjected to 

the same high-temperature diffusion process, this difference can mainly be 

attributed to the cooling regime. Slow cooling provides more time for defect 

recombination, impurity redistribution, and partial relaxation of internal stresses. 

As a result, a larger part of the silicon matrix can contribute coherently to the 

main Bragg reflection. This explains the higher intensity of the (111)Si peak in the 

slow-cooled sample [2]. 

In contrast, rapid cooling preserves a larger fraction of nonequilibrium defects 

formed at high temperature. During rapid cooling, rhodium atoms, vacancies, 

interstitials, and impurity-defect complexes do not have enough time to 

redistribute into thermodynamically stable positions. Consequently, frozen 

microstrain fields and local structural distortions may remain in the silicon lattice. 

These defects reduce the effective coherently diffracting volume of the silicon 

matrix and increase diffuse scattering. Therefore, the (111)Si peak intensity 

becomes lower in the rapidly cooled sample. This result indicates that rapid 

cooling leads to a more nonequilibrium structural state compared with slow 

cooling [3]. 

The FWHM values provide additional information about the structural changes 

in the samples. The slow-cooled sample has FWHM = 0.163°, whereas the rapidly 

cooled sample has FWHM = 0.147°. At first glance, the smaller FWHM of the 

rapidly cooled sample may seem to indicate a better crystalline structure. 
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However, in doped and thermally treated monocrystalline silicon, FWHM cannot 

be interpreted as a single independent parameter. Peak broadening may be 

influenced by coherent scattering region size, microstrain, mosaicity, local lattice 

deformation, instrumental broadening, and overlapping contributions from 

regions with different defect concentrations. Therefore, FWHM must be analyzed 

together with peak intensity and peak shape. The higher intensity and larger 

FWHM of the slow-cooled sample suggest that this sample has a stronger 

coherent contribution from the silicon matrix, but also contains a broader 

distribution of local lattice states. This may be caused by rhodium redistribution, 

interaction with phosphorus and oxygen-related defects, and the formation of Rh-

related complexes or silicide-like regions. Slow cooling allows these structural 

processes to proceed more completely, producing a relatively relaxed but 

microstructurally heterogeneous state. Thus, the broader peak does not 

necessarily mean lower crystal quality; rather, it reflects a more developed 

redistribution of impurity-defect complexes within the silicon matrix [4]. 

The rapidly cooled sample, on the other hand, shows lower intensity and smaller 

FWHM. This combination may indicate that only a smaller fraction of the silicon 

lattice contributes effectively to the central (111)Si reflection, while other defect-

rich or distorted regions contribute weakly to the coherent peak or appear as 

diffuse scattering. In other words, the narrow FWHM of the rapidly cooled 

sample should not be considered alone as evidence of better crystallinity. The 

lower peak intensity shows that the overall coherent scattering from the silicon 

matrix is reduced. Therefore, the rapidly cooled state is better interpreted as a 

nonequilibrium structure with frozen defects and local strain fields. The 

difference between the slow and rapid cooling regimes can also be explained by 

the interaction of rhodium with background impurities in Czochralski-grown 

silicon. Such silicon usually contains oxygen impurities, which may participate 
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in the formation of oxygen-related complexes or oxide nanophases during high-

temperature treatment. In the presence of rhodium, oxygen can form Rh–O-

related local structures, especially when rapid cooling preserves nonequilibrium 

configurations. Slow cooling, by contrast, may favor Rh–Si interaction and partial 

structural stabilization. Therefore, the final XRD response of n-Si<P,Rh> is 

determined by the combined influence of rhodium diffusion, phosphorus doping, 

oxygen background, defect migration, and cooling kinetics [5]. 

From a technological point of view, these results show that the cooling regime is 

an important processing parameter for rhodium-diffused silicon. Slow cooling 

may be preferable when a stronger coherent silicon matrix and partial stress 

relaxation are required. Rapid cooling may be useful when nonequilibrium defect 

states or specific impurity-defect complexes need to be preserved. However, such 

a regime may also increase structural disorder and reduce the coherent diffraction 

intensity of the silicon matrix. This means that the choice of cooling regime must 

depend on the intended application of the material. The obtained XRD results are 

relevant for the development of silicon-based optoelectronic, microelectronic, 

and radiation-resistant devices. Rhodium-related centers can influence carrier 

recombination, long-term conductivity relaxation, and radiation-induced defect 

behavior. Therefore, controlling the structural state of n-Si<P,Rh> monocrystals 

through post-diffusion cooling may provide a useful technological route for 

optimizing functional properties. The (111)Si peak intensity, FWHM, and peak 

shape can serve as sensitive indicators of the internal defect state and structural 

ordering of rhodium-diffused silicon. 

In conclusion, the comparative XRD analysis of rhodium-diffused n-Si<P,Rh> 

monocrystals shows that slow and rapid cooling regimes produce different 

structural states within the same silicon matrix. Both samples preserve the 

dominant (111)Si orientation, confirming that the monocrystalline framework 
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remains stable after high-temperature treatment. However, slow cooling results 

in higher peak intensity and broader FWHM, indicating stronger coherent 

scattering and developed impurity-defect redistribution. Rapid cooling leads to 

lower intensity and smaller FWHM, which is associated with frozen 

nonequilibrium defects and reduced coherent scattering volume. Thus, post-

diffusion cooling is a key technological factor for controlling the structural state 

of rhodium-diffused n-type silicon monocrystals. 
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