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The study of thin-film nanocomposites, including crystalline and amorphous silicon nanoparticles embedded in silicon oxide layers, is
a key direction in the field of materials for optoelectronics. This study explored the interest in such composites, including erbium
silicide (ErSi2x), in the context of their applications in non-volatile memory and photovoltaic devices. Particular attention was paid to
the structure and properties of such materials, including the analysis of defects in erbium-doped silicon. The results of the study, based
on Raman spectroscopy and X-ray phase analysis, made it possible to identify the characteristics of the composition and structure of
the studied samples. The identified data confirmed the presence of crystalline phases of Si and Er in the p-Si-Er composite, and also
showed the substitution of Er in the p-Si/SiOz structure. Additionally, X-ray microanalysis data confirmed the presence of Si, O and
Er in the expected concentrations in the composite film. Further research showed that the introduction of erbium atoms onto the silicon
surface leads to minor changes in some signals and the appearance of new vibrations in the Raman spectra of the samples. The decrease
in the intensity of the peaks belonging to silicon is associated with the weakening and breaking of some bonds in the structure of the
silicon crystal lattice and due to the formation of new bonds in which erbium atoms participate. Thus, the results of this study represent
a significant contribution to the understanding of the properties and potential of thin film nanocomposites for applications in
optoelectronics, and also enrich our knowledge of the effect of doping on the structure and properties of silicon materials.
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INTRODUCTION

Thin-film nanocomposites, consisting of crystalline and amorphous Si nanoparticles embedded in silicon oxide
layers, have been extensively studied over the past two decades as suitable materials for nonvolatile memory devices,
third-generation photovoltaic devices, and other applications. Continued interest in such composites (including Er-doped
ones) remains due to the possibility of manufacturing Si-based light sources for optoelectronic devices [1, 2].

Interest in erbium silicide (ErSi,«) has been growing in recent years, since ErSi,« exhibits a very low Schottky
barrier height on n-type silicon (0.3-0.4 eV) [1, 2]. This unique property leads to promising applications, such as the
utilization of ErSi,.« as source and drain contacts in future ultra-scale complementary metal-oxide semiconductor devices,
as it can significantly reduce both contact resistance and total series resistance due to its low Schottky contact barrier.
Additionally, ErSi» finds applications in novel source/drain field-effect transistors featuring a Schottky barrier [3,4].

Despite the low resistivity of ErSi», erbium itself can oxidize very quickly due to its high reactivity with oxygen
[5]. In many studies on Er silicides reported in the literature, ErSis.« thin films were typically formed by evaporating
erbium onto silicon substrates under ultra-high vacuum conditions, followed by annealing to mitigate oxidation issues.

Silicon doped with rare earth elements has attracted the attention of researchers due to potential issues such as
inhomogeneities in impurity distribution, complex diffusion processes, and alterations in its properties resulting from the
introduction of rare earth elements into the silicon structure.

This paper examines the issue of the defect structure of silicon doped with erbium. Pristine p-Si, erbium-doped
silicon p-Si<Er>, and p-Si-Er composites were studied using Raman spectroscopy and X-ray diffraction.

EXPERIMENTAL PART

For the study, p-Si samples with an initial resistivity of 2.5 Ohm-cm were selected. Prior to alloying, the samples
underwent thorough acid-peroxide washing, followed by the removal of oxide layers from their surfaces using an HF
solution. After the surfaces of the samples were thoroughly cleaned, films of erbium impurities with special purity
(99.999%) were deposited onto the clean Si surfaces using vacuum deposition. Vacuum conditions in the working
chamber, with a pressure of approximately 10710 torr, were maintained by an oil-free vacuum pumping system.

Before diffusion annealing, the samples were placed in evacuated quartz ampoules. Doping of the samples with
Er impurities was conducted using the diffusion method at a temperature of 1200°C for 25 hours, followed by rapid and
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slow cooling. To investigate the interaction of impurity atoms in silicon, achieving not only uniform doping of the material
but also maximum concentration is crucial. Therefore, we considered the optimal conditions for doping silicon with these
impurity atoms.

Raman spectra were acquired using a SENTERRA II Raman spectrometer (Bruker, Germany). This fully
automated instrument offers excellent sensitivity and a high resolution of 4.0 cm™!. Senterra calibration was performed
automatically and referenced to NIST acetaminophen and silica standards, ensuring a wavelength accuracy of 0.2 cm'.

The experiments were conducted using a laser with a wavelength of Ay = 532 nm, a maximum power of
Pmax = 25 mW, and an acquisition time of 100 s, with the addition of two spectra. This device allows for spectra acquisition
in the range from 50 to 4265 cm™,

The Raman spectra were processed to facilitate comparison of intensity ratios between samples. Prior to
normalizing the spectra to the peak at 521 cm™!, corresponding to the most intense peak in the spectral region from 4265
to 50 cm™!, a baseline subtraction was performed for each spectrum.

Raman spectra of samples (4 in total) were obtained at room temperature. The acquisition time for the Raman

spectrum was about 120 s. The same laser beam that was used to measure Raman scattering was used to study structural
changes. Measurements with increasing laser power density were carried out in order to determine the threshold above
which irreversible changes occur. The sample temperature was increased by 20°C under the influence of a laser beam.
This temperature increase was estimated using the Stokes/anti-Stokes intensity coefficient formula.
X-ray phase analysis was conducted using a MiniFlex II diffractometer (Rigaku, Japan) equipped with CuKa radiation.
Diffraction patterns of the compounds were captured in the angle range of 26 = 3-60°. The resulting diffraction pattern
was analyzed to identify characteristic signals for the resulting p-Si-Er composites, and the presence of elements was
determined based on literature data on the phases and the ICDD card database for known compounds. The obtained results
enabled us to draw conclusions about the qualitative composition of the samples. X-ray diffraction spectra were recorded
at intervals of 0.02° in two-theta, with an exposure time of 2 s at each point.

RESULTS AND DISCUSSION

Figure 1 shows the Raman spectra of both the p-Si type silicon itself and the resulting p-Si-Er composites. The
Raman spectrum of the initial sample exhibits peaks at 304 and 521 cm™', characteristic of cubic silicon, along with a
broad peak in the range of 920-1005 cm™! [8-12].

The cubic structure of silicon allows the presence of one first-order Raman-active phonon corresponding to a wave
number of 520 + 1 cm™!, as well as additional peaks with lower intensity [6-11]. According to [13, 14], the vibration at
304 cm ! detected in the Raman spectra of silicon is attributed to the longitudinal acoustic mode. The broad peak in the
range of 900-1100 cm™! arises from the scattering of several transverse optical phonons and their overtone state [8,9,10].
Upon studying the broad peak in the range of 9201005 cm ! as presented in Fig. 1, three vibrations were detected at 944,
948, and 976 cm™!, consistent with theoretical calculations [10].
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Figure 1. Raman spectra of the obtained composites: silicon (p-Si) with erbium (Er)
Sample 1 represents the original p-Si; Sample 2 denotes doped p-Si<Er> (slow cooling); Sample 3 corresponds to doped p-Si<Er,
Cr> (fast cooling); Sample 4 represents the resulting composite p-Si-Er-Cr (slow cooling); Samples 5 and 6 denote p-Si-Er (slow
cooling) and p-Si-Er (fast cooling) respectively

Further doping of p-Si silicon wafers with erbium results in minor changes and the emergence of new vibrations in
the Raman spectra. The intensity of the main silicon peak at 521 cm™! decreases by a factor of 1.5, while its width at half
maximum remains virtually unchanged at approximately 4.0 cm™!. This decrease in peak intensity is likely attributed to
the weakening and breaking of bonds in the silicon crystal lattice due to the introduction of erbium atoms.
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The vibration intensity at a frequency of 304 cm™ generally increases, and its width at half maximum decreases
from 8.2 to 6.1 cm™. As a result of studying the broad peak appearing in the region of 900-1100 cm™!, three vibrations
were also recorded at 946, 952 and 979 cm™' (Fig. 1). The shift of these vibrations towards the lowest wave numbers
compared to the original silicon reaches 4 cm™!, with the largest shift observed at 948 cm™!. Also, other signals appear in
the Raman spectra of the obtained composites. For example, the wavenumber of 478 cm’ indicates out-of-plane
deformation of Si-O, and the peak of 842 cm™! indicates Si-O bending. The wavenumber of 1053 cm™ indicates Si-O-Si
stretching. The wavenumber of 614 cm™ indicates Si-Si bonds [19-21]. In Figure 1, four peaks can also be identified at
422 cm, 491 cm’!, 875 ecm! and 1046 cm™'. The peak with a wavenumber of 422 cm’!' corresponds to the impurity
vibrational Er-O bond, the signals for the Si-O bond are at 491 cm!. The wavenumber at 1046 cm™! indicates asymmetric
stretching of Si-O-Si [19-21]. It is assumed that the two signals corresponding to silicon cannot be detected using the
Raman spectrum due to the largest Er weight, since it is completely covered by new Er signals.

The change in the Raman spectrum of p-Si-Er in the range of 60-280 cm™ (Fig. 1) is due to the presence of elemental
Er and the formation of new bonds between Er-Si [15-17, 22]. In [15], multichannel Raman spectroscopy was used to
quantitatively characterize the formation of Pt-Si at the Pt-Si (100) interface, where spectra were obtained from Pt-Si
layers up to 10 A thick and from <40 A Pt-Si at 140 A. According to this work, characteristic vibrations for Pt-Si appear
at 82-85 and 140 cm™'. These works also report Raman modes near 90 and 140 cm™' from Pt-Si, the latter mode being
due to the formation of a disordered mixed phase of Pt and Si.

X-ray phase analysis

X-ray diffraction patterns of erbium films deposited under various conditions are presented in Fig. 2. The lattice
constants calculated from the X-ray diffraction patterns of p-Si-Er are Si = 0.5426 nm, Er = 0.3572 and Er = 0.5626 nm,
respectively. The arrangement of Si and Er atoms along crystalline orientations is triangular. The side lengths of the
triangles are 0.3841 nm for p-Si and 0.3568 nm for Er, so there is a lattice mismatch [25]. It can be assumed that a certain
proportion of defects and deformations will be formed during initial deposition due to lattice mismatch.

The obtained X-ray phase analysis data, presented in Figure 2, indicate the presence of both Si and Er in the
composition of the studied samples.
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Figure 2. X-ray microanalysis of the resulting p-Si-Er composite

As can be seen from the given X-ray phase analysis data (Fig. 2) of the resulting p-Si-Er composite, the elements
Si, O and Er are present in the film in the expected concentrations. This result confirms the substitution of Er in the
p-Si/SiO; structure. The peak at 28.40 corresponds to Si originating from the glass substrate [23,24]. The present peak at
94.80 is attributed to Er.

Lau et al. [26] studied the effect of the oxide layer impregnated between the metal layer and the Si substrate on the
surface morphology of the composite, it is obvious that interfacial contamination is the cause of the formation of surface
pores in the silicide layer. These works provide data that the pores consist of ErSisy, therefore the non-planar nature of
the ErSi»/Si(111) interfaces in the region of pinholes additionally leads to the formation of polycrystalline ErSi»« on the
Si surface [26,27]. Consequently, a large number of Si atoms from the substrate diffuse through the depressions, which
contain much faster atomic diffusion paths. Lau et al. [26] and Shen et al. [27] found that the shape of the surface holes
is rectangular for Er on Si and triangular for Dy on Si.
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CONCLUSIONS
Analysis of the results obtained using Raman spectroscopy shows that the introduction of Er atoms onto the p-Si
surface leads to both minor changes in some signals and the appearance of new vibrations in the Raman spectra of the
samples. The decrease in the intensity of the peaks belonging to silicon is probably associated with the weakening and
breaking of bonds in the structure of the silicon crystal lattice due to Er atoms. The appearance of new vibrations in the
range of 60-280 cm™ in the p-Si-Er spectra is associated with the presence of elemental Er and the formation of new
Er-Si bonds. The presence of erbium on the p-Si surface is confirmed by X-ray microanalysis data.
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JE®EKTHA CTPYKTYPA KPEMHIIO, IETOBAHOI'O EPBIEM
Ilapida B. Yramypanosa?, Xomxkakoap C. Nanies’, Animep L. Xair6aes?, I:xonibex Tx. Xamaamos?,
Jkacyp L. 3apidpoaes®, bex3oa II. Agniky/ios?

“Iuemumym @izuxu Hanienpoeionukie ma mikpoenekmponixu Hayionanvnozeo ynisepcumemy Y3zoexucmany, Tawkenm, Y36exucman
SDinin Dedepanbio2o 0epAucasHo20 GI00ACEMHO20 HABYANLHO20 3aKIady 6uwoi oceimu «Hayionanonuti docnionuybuti
ynieepcumem MIIEL», m. Tawxenm, Y30exucman
¢ V3beyvrutl Oeparcagnull yHisepcumem QizuuHo2o 6uxosanus i cnopmy, Yzbexucman
JocnimkeHHsT TOHKOIUTIBKOBUX HAHOKOMITO3HTIB, BKITFOUAIOUN KPUCTAJIIUHI Ta aMOp(HI HAHOYACTHHKU KpeMHito, BOYJOBaHi B mapu
OKCHTy KPEMHIIO, € KIIFOUOBUM HAIIPSIMKOM Y Tay3i MaTepianiB IJIs ONTOENEKTPOHIKH. 1le mociipkeHHs BUBYAIO IHTEpeC A0 TaKHX
KOMITO3UTIB, BKIIoUaroun cuminun ep6iro (ErSizx), y KOHTEKCTI X 3aCTOCYBaHHS B €HEpProHe3aIexkHii maM’sTi Ta (OTOSIEKTPUIHIX
npuctposix. OcobnuBy yBary OyJo NPHUALIEHO CTPYKTYpi Ta BIACTHBOCTSIM TAaKMX MaTepiaiiB, y TOMYy YHCIi aHaNi3y NedeKTiB
KpEeMHilo, JeropaHoro ep0Oiem. PesynbraTm mOCHIJDKEHHs, 3aCHOBaHI Ha CIEKTPOCKOMIl KOMOIHAIIfHOTO pO3CilOBaHHS Ta
penTrenodazoBoMy aHai3i, J03BOJIHIM BHSBUTH OCOOJIMBOCTI CKJIAy Ta CTPYKTYPH AOCIIDKYBaHHUX 3paskiB. [nentudikoBani nani
MiATBEPIMIN HasBHICTD KpHcTamiynux (a3 Si ta Er B kommo3uti p-Si-Er, a Takox nokasanu 3amimensst Er y crpykrypi p-Si/SiOa.
Kpim Toro, maHi peHTTeHIBCHKOTO MiKpOaHAi3y MiATBepariaH HasBHICTH Si, O Ta Er B 04iKyBaHUX KOHIICHTPAISX Y KOMIIO3UTHIN
riBni. [logameimi JOCHiIKEHHS MMOKa3aiy, IO BBEICHHS aTOMiB epOil0 Ha MOBEPXHIO KPEMHII0 MPU3BOAUTH 1O HE3HAYHUX 3MiH
JeIKNX CUTHATIB 1 MOsBM HOBUX KoimBaHb y cnekrpax KPC 3paskiB. 3MeHIIEHHS iHTEHCHBHOCTI IIKiB, IO HAJISKAaTh KPEMHIIO,
TIOB's13aHE 3 OCJIA0JICHHSM 1 PO3PHBOM JIESIKHX 3B'SI3KIB Y CTPYKTYpi KPUCTATIYHOI PEIIiTKA KPEMHIIO 1 BHACIIIOK YTBOPEHHS HOBHX
3B'A3KiB, B SIKUX OEpyTh y4acTb aToMu epOito. TakuM 4MHOM, pe3yJbTaTh IbOr0 JOCIIDKEHHS € 3HAaYHHM BHECKOM Yy PO3YMIHHS
BJIACTUBOCTEH 1 MOTEHLialy TOHKOIUIIBKOBUX HAHOKOMIIO3HTIB ISl 3aCTOCYBAaHHS B OITOEGNEKTPOHILi, a TaKoX 30aradyloTh Hami

3HAHHSI [IPO BIUIKB JIETYBaHHS HA CTPYKTYPY Ta BIACTUBOCTI KPEMHIEBHX MaTepialis.
KoarouoBi cioBa: xpemniti; epbiil; pioko3emenvHull eieMenm; pPAMAHIBCbKA CHeKMPOCKOnis, Ougysis, mepmiuna obpobka;
memnepamypa, Cmpykmypa, peHmeeHieCbKull pazoeuli ananis; niieka



