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In this study, we investigated silicon samples doped with gadolinium using two different methods: incorporation during growth and
diffusion treatment at elevated temperatures. Scanning electron microscopy (SEM) and energy-dispersive spectroscopy (EDS) were used
to analyze the surface microstructure and impurity atom distribution, while Raman spectroscopy revealed characteristic phonon mode
shifts induced by gadolinium doping. It was found that doping during growth results in a more uniform structure with fewer large defects,
although localized regions enriched in carbon and oxygen remain. In contrast, diffusion doping leads to the formation of pronounced
inhomogeneities, indicating significant dislocation formation and structural defects due to lattice parameter mismatches. The results
demonstrate the influence of the doping method on the silicon surface state, elastic stress distribution, and the emergence of new vibrational
modes, which can be utilized for the targeted modification of material properties in spintronic, optoelectronic, and sensor devices.
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INTRODUCTION

Silicon is a key material in the modern semiconductor and optoelectronic industries due to its unique electrical and
optical properties [1-6]. However, to expand its scope of application, its characteristics require modification. One
promising approach to such modification is the introduction of rare earth elements, in particular gadolinium (Gd), which
can significantly affect the magnetic and optical properties of silicon. Studies show that the integration of gadolinium
atoms into the silicon crystal lattice changes its interaction with light and magnetic characteristics, which opens up new
prospects for the use of such materials in optoelectronics, sensor devices, and spintronics.

Doping silicon with gadolinium atoms leads to structural changes that significantly affect its optical and magnetic
properties. In particular, the introduction of Gd causes deformations of the crystal lattice and changes the optical activity of
silicon. According to a number of studies, the inclusion of gadolinium can increase the photochemical (photoactive) ability of
silicon to interact with radiation. This is explained by the fact that gadolinium retains localized f-electrons and, hence, magnetic
moments even when embedded in a silicon lattice, which is especially important for spintronic applications [5—11].

One of the key effects of gadolinium doping in silicon is the reduction in the density of dangling bonds. It has been
established that trivalent Gd*" ions contribute to minimizing defects in the crystal structure, thereby improving the
electronic properties of the material and reducing the number of surface imperfections. Additionally, gadolinium interacts
with silicon to enhance the magnetic properties of the system, making it more suitable for applications in magnetic sensors
and spintronic devices.

Despite these beneficial effects, certain limitations arise when doping silicon with gadolinium. Firstly, the
distribution of Gd within the crystal volume can be uneven, making it challenging to achieve reproducible material
characteristics-an issue particularly critical for high-precision devices. Secondly, localized stresses and defects introduced
into the crystal lattice may restrict the efficiency of silicon in specific applications, such as photonic devices and high-
frequency microelectronics.

Raman spectroscopy (RS) is an effective method for studying crystalline materials, including semiconductors such
as silicon [12-15]. During the Raman scattering process, light interacts with phonons (quanta of crystal lattice vibrations),
leading to changes in the energy and frequency of the scattered photons and the formation of characteristic spectral lines.
Analyzing these spectral changes allows for the identification of structural defects and material properties.

Doping silicon with rare-earth elements such as gadolinium significantly influences the defect structure and deformation
processes within the crystal lattice. The corresponding changes in Raman spectra reflect these structural rearrangements,
providing insights into the nature of the defects that emerge. Understanding how the incorporation of Gd alters Raman scattering
in silicon is of great interest for practical applications in electronics, optics, and nanotechnology. This study focuses on the
analysis of one- and two-phonon Raman spectra of single-crystal silicon doped with gadolinium atoms.
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MATERIALS AND METHODS
For the investigation, n-Si and p-Si samples with an initial resistivity of 0.3—40 Q-cm were prepared. Prior to doping,
the samples underwent thorough acid-peroxide cleaning, followed by the removal of oxide layers using an HF solution.
High-purity gadolinium films (99.999%) were deposited onto the cleaned silicon surfaces via vacuum deposition under
high-vacuum conditions (107—107® Torr). Doping was carried out through diffusion at 1473 K for 20 hours, followed by
rapid cooling. The structural and elemental characteristics of the resulting materials were analyzed using energy-
dispersive spectroscopy (EDS) and scanning electron microscopy (SEM).

RESULTS AND DISCUSSION

A visual analysis of the microscopic images in Fig. 1a reveals that the distribution of carbon (C) and silicon (Si)
atoms on the sample surface is non-uniform. The carbon distribution map shown in Fig. 1b highlights areas of localized
carbon accumulation, which may result from surface effects and the interaction of carbon with lattice defects.

The energy-dispersive spectroscopy (EDS) spectra presented in Fig. 2 confirm that silicon is the predominant
element in the sample composition, as indicated by the intensity of its main peak. The presence of low-intensity oxygen
(O) and carbon (C) peaks suggests the formation of oxide compounds or surface contamination, which may have occurred
during sample growth or storage. The quantitative analysis summarized in Table 1 shows that the weight fraction of silicon
is 86.79%, carbon 11.90%, and oxygen 1.96%. The high atomic concentration of carbon (23.81%) indicates its significant
presence in the surface layer.
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Figure 1. SEM images of the surface of silicon doped with gadolinium during growth: (a) elemental distribution;
(b) carbon distribution map.

Figure 2. SEM spectrum of silicon doped with gadolinium during growth.

Table 1. Summary of elemental distribution maps for silicon doped with gadolinium during growth.

Element Line Type C(;ﬁgggtlr(;??c}n Wt % At. %
C (Carbon) K-series 0.61 11.90 23.81
O (Oxygen) K-series 0.56 1.31 1.96
Si (Silicon) K-series 92.59 86.79 74.23
Total: 100.00 100.00

After heat treatment at 1473 K for 20 hours, the microstructure of the sample undergoes significant changes, as seen
in Fig. 3. In the doped sample (Fig. 3b), compared to the original silicon (Fig. 3a), pronounced surface heterogeneity is
observed. This may be attributed to the formation of defective regions, phase inclusions, and the redistribution of elements
within the crystal lattice.
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Figure 3. SEM images of silicon: (a) original sample; (b) silicon doped with gadolinium via diffusion at 1473 K for 20 hours,
illustrating microstructural changes in the material.
The results of energy-dispersive analysis after diffusion doping, presented in Fig. 4 and Table 2, indicate an increase

in carbon content to 14.27% and a decrease in oxygen concentration to 1.20%. This change may be attributed to the
selective sorption of carbon in regions with structural defects.

Figure 4. SEM spectrum of silicon doped with gadolinium via diffusion at 1473 K for 20 hours, illustrating microstructural changes
in the material

Table 2. Summary of elemental distribution maps for silicon doped with gadolinium via the diffusion method at 1473 K for 20 hours.

Element Line Type C?)gggrllttlr(:tlf;n Wt % At. %
C (Carbon) K-series 0.61 11.90 23.81
O (Oxygen) K-series 0.56 1.31 1.96
Si (Silicon) K-series 92.59 86.79 74.23
Total: 100.00 100.00

A visual analysis of the microscopic images in Fig. 5 reveals that the diffusion of gadolinium into silicon results in

large defect zones, as well as areas with pronounced porosity or a disordered structure. These structural inhomogeneities
may be attributed to the following factors:

b)

Figure 5. SEM images of silicon doped with gadolinium via the diffusion method at 1473 K for 20 hours, illustrating defect
formation and structural changes in the material.
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Crystal lattice deformations — The incorporation of gadolinium introduces additional stress centers, leading to
localized distortions in the silicon structure.

Phase transitions — The formation of new phases or solid solutions based on Gd-Si results in a non-uniform
distribution of gadolinium atoms, causing localized chemical and structural changes.

Surface effects and contamination — The increased presence of carbon (C) and oxygen (O) may indicate surface
oxidation or the trapping of these elements in defect regions. This effect is particularly common during high-temperature
processing and subsequent cooling.

A comparison of microstructural changes and chemical composition reveals that diffusion doping with gadolinium
significantly alters the surface layer of silicon. This process promotes the formation of large defects, including pores,
potential cracks, and localized zones of gadolinium concentration with impurities. The energy-dispersive spectra of defect
zones, presented in Fig. 6 and Table 3, confirm a decrease in oxygen content (0.73%) while maintaining an elevated
carbon concentration (13.15%). This observation suggests variations in the sorption mechanisms of impurity elements
within defect regions.

Figure 6. SEM spectrum of elemental distribution in defect regions of silicon doped with gadolinium via diffusion at 1473 K for 20
hours, illustrating microstructural changes in the material.

Table 3. Summary of elemental distribution maps in defect regions of silicon doped with gadolinium via the diffusion method at
1473 K for 20 hours.

. Conditional
Element Line Type Concentration Wt % At. %
C (Carbon) K-series 0.65 13.15 26.02
O (Oxygen) K-series 0.29 0.73 1.08
Si (Silicon) K-series 87.12 86.13 72.90
Total: 100.00 100.00

Diffusion doping with gadolinium at 1473 K for 20 hours results in pronounced microstructural heterogeneity,
characterized by the formation of defective regions, elemental redistribution, and localized phase transformations. In the
doped samples, an increase in carbon concentration to 14.27% is observed, likely due to its selective sorption at structural
defects. In defective zones, a reduced oxygen content (0.73%) is recorded, which is probably related to differences in the
adsorption kinetics of oxygen and carbon.

Raman scattering (RS) analysis of gadolinium-doped silicon samples was performed using a SENTERRA II Raman
spectrometer (Bruker), which offers high spectral sensitivity and a resolution of approximately 4.0 cm™. To ensure
measurement accuracy (~0.2 cm™"), automatic calibration was conducted using NIST standards (acetaminophen, silicon).

The spectra were excited using a 532 nm laser with a maximum power of 25 mW. Spectral data were recorded in
the range of 50-4265 cm™, with an exposure time of 100 s, followed by summation of two spectra. To ensure accurate
intensity comparisons between samples, the spectra were normalized to the peak at 510 cm™, which is the most intense
in the analyzed range. Prior to normalization, the baseline was subtracted from each spectrum.

According to the literature [12-18], the lattice constant mismatch between Gd and Si can induce significant elastic
stresses in thin layers, affecting both the electronic band structure and phonon spectra. Additionally, when there is a large
discrepancy between lattice parameters in epitaxial multilayer structures, numerous defects are formed, degrading the
quality of heterostructures. In the case of a Gd.Sii— solid solution, lattice deformation is less critical compared to pure
components (Gd and Si), as the actual lattice constant of the Gd«Sii— layer lies between the values for Gd and Si.
Furthermore, the layer thickness (5 pm) facilitates stress relaxation. Changes in the vibrational (phonon) spectra in this
system clearly indicate the presence of Gd—Si bonds.

Doping silicon with gadolinium induces significant modifications in its vibrational spectra. These alterations stem
from the incompatibility between the lattice parameters of Gd and Si, leading to the formation of structural defects and
localized mechanical stresses.

Fig. 7 presents the Raman spectrum of gadolinium-doped p-type silicon with a resistivity of 0.3 Q-cm. Spectrum
analysis reveals a significant broadening of the main peak at 510 cm™, indicating an increased density of defects in the
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crystal lattice. Additionally, extra vibrational modes are observed at 123, 148, 238, and 303 cm™, which may be attributed
to the formation of impurity complexes and localized structural distortions.
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Figure 7. Raman spectrum of p-type silicon doped with gadolinium (Gd):
1 — Raman spectrum of the initial Si samples; 2 — Raman spectrum of p-Si<Gd> samples with an initial resistivity of p = 0.3 Q-cm.

Fig. 8 presents the Raman spectra of n-type silicon samples with a specific resistivity of 10 Q-cm.
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Figure 8. Raman spectrum of n-type silicon doped with gadolinium (Gd):
1 — Raman spectrum of the initial Si samples; 2 — Raman spectrum of n-Si<Gd> samples with an initial resistivity of p = 10 Q-cm.

With increasing specific resistivity, an enhancement in the intensity of additional spectral lines is observed,
indicating modifications in the band structure of silicon due to the incorporation of gadolinium atoms. In particular, the
intensification of the bands at 456 cm™ and 954 cm™ may be associated with the formation of amorphous phases and the

presence of oxide inclusions.

Fig. 9 presents the Raman spectra of n-type silicon samples with a specific resistivity of 15 Q-cm.
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Figure 9. Raman spectrum of n-type silicon doped with gadolinium (Gd):
1 — Raman spectrum of the initial Si samples; 2 — Raman spectrum of Gd,Sii—~ samples with an initial resistivity of p =15 Q-cm.
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This spectrum exhibits a further enhancement of vibrational modes in the region of 68, 784, 1340, and 1610 cm™,
which may be attributed to the formation of stable Gd—Si impurity complexes. Of particular interest is the intense peak at
784 cm™', which can be interpreted as evidence of a strong chemical bond between gadolinium and silicon atoms.

Solid solutions of Gd—Si with varying Gd and Si content are characterized by frequency shifts in the local vibrations
of Gd—Gd, Gd-Si, and Si—Si, associated with variations in strain within the films. According to Raman spectroscopy data,
three primary vibrational regions can be identified [14-20]: Gd—Gd near 238 cm™, Gd-Si around 783 cm™, Si-Si at
approximately 510 cm™.

The position of these spectral lines is significantly influenced by built-in stresses resulting from the considerable
lattice parameter mismatch between Gd and Si [18-25 It is well known that during epitaxial growth of a layer on a substrate
with a different lattice constant, an initial pseudomorphic layer forms, adapting to the substrate. However, once a critical
thickness is reached, the formation of dislocations becomes energetically favorable, after which the layer grows with its
own lattice constant. Such layers are referred to as relaxed or unstressed layers [18].

The frequency shift of the optical phonon mode in the crystal can also be described by the Griineisen parameter [12],
which relates the change in unit cell volume to the shift in optical phonon frequencies. This shift is presumed to result
from hydrostatic (isotropic) compression or expansion of the unit cell due to the incorporation of Gd atoms.

In the region of 521-522 cm™, an intense peak is observed, corresponding to first-order scattering of optical phonons
(TO —transverse optical vibrations, LO — longitudinal optical vibrations) at the I" point of the Brillouin zone. Additionally,
a detailed analysis of the peaks near 123 and 186 cm™, using Gaussian approximation, allows them to be associated with
the vibrational modes of Gd [17]. The mode at 148 cm™ is related to first-order scattering of acoustic phonons (TA —
transverse acoustic vibrations), which may reflect vibrational contributions from the oxide film (SiO2). The weak-intensity
LO peak at 456 cm™ suggests the presence of amorphous silicon components [18].

The second-order spectrum is significantly weaker, appearing in the range of approximately 100-1100 cm™. The
peak around 303 cm™ is typically attributed to 2TA acoustic phonons, while the broad signal between 900 and 1000 cm™!
is associated with 2TO phonons [12]. Furthermore, the broadening of specific peaks (e.g., in the regions of 68, 954, 1340,
and 1610 cm™) suggests a high defect density or compositional fluctuations [19].

A comparison with literature sources indicates that the modes near 954, 1340, and 1610 cm™! correspond to GdO
vibrations, while the peaks at 1462 and 1600 cm™ may be associated with third-order Raman modes related to silicon
optical phonons (TO) and interstitial oxygen (O:) vibrations, respectively [17-26].

Fig. 10 presents the Raman spectra of samples with a specific resistivity of 40 Q-cm.
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Figure 10. Raman spectrum of n-type silicon doped with gadolinium (Gd):
1 — Raman spectrum of the initial Si samples; 2 — Raman spectrum of Gd,Sii— samples with an initial resistivity of p =40 Q-cm.

With a further increase in specific resistivity, a significant enhancement of spectral lines in the 784 - 1610 cm ™ range
is observed, indicating a redistribution of local stresses within the crystal lattice and the formation of band engineering
effects. The presence of characteristic vibrational modes Gd—Gd (~238 cm™), Gd—Si (~783 cm™), and Si—Si (~510 cm™)
confirms the incorporation of gadolinium into the silicon lattice and its influence on the material's structure.

A comparative analysis of Raman spectra for samples with different initial resistivities (0.3, 13, 15, and 40 Q-cm)
reveals that with increasing resistivity - and consequently, higher Gd concentration—the intensity of peaks at ~68, 123,
148,238,303, 456, 784, 954, 1340, and 1610 cm™ increases. The most intense peak at ~784 cm™ is likely associated with
Gd-Si bond vibrations.

A comparison of the results obtained from two different gadolinium doping methods—during growth and diffusion
at 1473 K - demonstrates significant differences in alloying element distribution and defect formation. In the case of
doping during growth, SEM images indicate a more uniform incorporation of Gd, with relatively fewer large structural
defects. However, localized impurity clusters (C, O) are present, which may reflect process-specific characteristics such
as incomplete surface cleaning or oxidation.
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In contrast, diffusion doping at high temperatures results in more pronounced microstructural inhomogeneities and
the formation of large defect zones (pores, cracks), caused by a significant lattice parameter mismatch between Gd and
Si and intense dislocation formation. However, this method facilitates stress relaxation in thicker layers, as confirmed by
phonon mode shifts in Raman spectra and the emergence of spectral lines associated with Gd—Si bonds.

Thus, doping during growth is preferable when thin, uniform layers with minimal large defects are required, whereas
diffusion doping allows for greater control over composition and thickness but is associated with a higher density of
structural defects.

The observed Raman spectral changes in gadolinium-doped silicon samples confirm the formation of Gd—Si bonds
and structural modifications induced by Gd incorporation. Given that Gd doping introduces elastic stresses and localized
defects, these findings provide a foundation for further optimization of processing techniques to develop functional
materials with tailored electrical and optoelectronic properties.

A comparative analysis of the obtained data highlights the significant impact of doping mechanisms on the material's
spectral characteristics:

Sputtering followed by crystallization ensures a uniform gadolinium distribution but is accompanied by localized
oxygen and carbon accumulations, likely due to surface oxidation.

Diffusion doping at 1473 K results in intensive dislocation formation, pore generation, and point defects due to
Gd-Si lattice incompatibility. However, stress relaxation occurs, as evidenced by spectral shifts in vibrational modes.

Therefore, the sputtering method with subsequent crystallization produces structurally homogeneous layers, whereas
diffusion doping enables precise control over composition and thickness but is accompanied by more pronounced
crystallographic rearrangements.

CONCLUSIONS

The analysis of Raman spectra in gadolinium-doped silicon confirms the significant influence of impurity atoms on
the material's vibrational characteristics. New spectral modes at 68, 123, 148, 238, 303, 456, 784, 954, 1340, and
1610 cm™ are observed, with their intensity increasing as the Gd concentration rises.

The formation of strong Gd—Si bonds is confirmed by the presence of a characteristic vibrational line at ~784 cm™.
The results indicate that the defect structure plays a crucial role in the redistribution of impurity atoms, thereby altering
the electrical, optical, and magnetic properties of doped silicon.

A comparative analysis demonstrates that gadolinium diffusion into silicon leads to the formation of complex defect-
phase structures, which can either enhance material properties-such as promoting magnetic ordering-or degrade
mechanical stability and electrical performance.

Optimizing diffusion parameters, including temperature, holding time, and cooling rate, is essential for achieving a
balance between structural, chemical, and functional properties of gadolinium-doped silicon.
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JIETYBAHHS KPEMHIIO ATOMAMM T'AJTIOJITHIIO — CTPYKTYPHUM PO3NOLT TA CHEKTPAJIBHI
3MIHU KPEMHIIO
III.B. Yramypanosa?, IL.X. axies?, 1.JI. Xamaamos?, X.JI. Maruonor?®, M.K. Kapimos®, X.}O. YTemyparosa®
“Iuemumym Qizuxu HanienposioHUKis i MikpoerekmpoHiku Hayionanvrozo yHisepcumeny Y3b6exucmany, eyi. Auneu Anmasapa, 20,
bYpeenucoruti depoicasnuii ynisepcumem, axynomem gizuxu, Ypeeny, Ysbexucman
“Kapaxannaxcvkuil depacaenuil ynigepcumem, Hykyc, Kapakammaxcman

VY 1bOMY JAOCII/PKCHHI MU JTOCITIIXKYBAJIM 3pa3Ky KPEMHI0, JICTOBaHi TaJ0JIiHiEM, BAKOPUCTOBYIOUH JIBA Pi3HI METO/U: BKJIFOUCHHS ITi]T
yac pocty Ta audysiiiHa o0poOka mNpW miABUINEHHMX Temmeparypax. CkaHylouy eneKTpoHHy Mikpockomito (SEM) Ta
eHeproauchepciitny crekrpockormrito (EDS) BUkoprcTOBYBa At aHANI3y MIKPOCTPYKTYPH IIOBEPXHI Ta PO3MOALTY aTOMIB IOMILIOK,
TOJi SIK paMaHiBChKa CIIEKTPOCKOITIs BUSIBIJIA XapaKTepHi 3cyBH (OHOHHUX MO, CIPUYMHEHI JIOIyBaHHSM rajfoniniem. Byio BusiBneHo,
IO JIETYBaHHS MiJ 4ac POCTY NPH3BOAWTH OO OUIBII OAHOPINHOI CTPYKTYPH 3 MEHIIOK KUTBKICTIO BENHKHX IE(EKTiB, Xoda
JIOKaJIi30BaHi o0nacti, 30aradeHi ByIIeleM i KHCHeM, 3alumaroTecs. HaBmaku, mnudysiiiHe neryBaHHS NPU3BOAUTH 0 YTBOPEHHS
BUPQKCHUX HEOMHOPITHOCTEH, IO BKa3ye Ha 3HAUYHE YTBOPCHHS IUCIIOKAIIH 1 CTPYKTypHHX Ie(eKTiB depe3 Hey3rOIKEeHICTh
rapaMeTpiB pemriTky. Pe3ynsraTh AEeMOHCTPYIOTH BIDIMB METOXLY JIETYBaHHS HA CTaH IHMOBEPXHI KPEMHIIO, PO3IOALT HPYKHHX
Harnpy>XeHb 1 MOSBY HOBUX KOJMBAIBHUX MO, SIKI MOXKYTb OyTH BHKOPHUCTaHI IS IiJIecIpsMOBaHOI MoaM(ikalil BIacTUBOCTEH
MarepiajiB y CIIIHTPOHHUX, ONITOEJICKTPOHHHX I CEHCOPHUX IIPHCTPOSIX.
KurouoBi ciioBa: kpemniii; eadoniniii, oonine,; oughyzis; SEM; EDS; Pamaniecoxa cnekmpockonisi, cmpykmypHhi Oegpexmu; (pononHuii
cnekmp; depexmu KpucmaniuHoi peuimku, onmoenekmpoHixa, MaeHimHi Xapakmepucmuxu



