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STRUCTURAL PROPERTIES OF SILICON DOPED RARE EARTH ELEMENTS YTTERBIUM
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This paper presents the results of a study of the state of ytterbium atoms in silicon, carried out using the methods of Fourier transform
infrared spectroscopy (IR) and Raman spectroscopy (RS). Silicon samples doped with ytterbium impurities were analyzed using FSM-
2201 and SENTERRA II Bruker spectrometers. Registration and identification of both crystalline and amorphous phase components
in the samples was carried out. The results of the study confirm that doping silicon with ytterbium impurities leads to a decrease in the
concentration of optically active oxygen ngt by 30-40%, depending on the concentration of the introduced impurities. It was also
found that an increase in the number of defects leads to a broadening of the amorphous zone. It is assumed that similar dependencies
exist for the Si-Yb system; however, to the best of our knowledge, similar results have not been reported previously. It is noted that the
relative intensity of the three Raman bands in Si-Yb systems in the LTIOS (The light and temperature induced ordered state) state
changes, and the relative intensity of Si-Si decreases. This indicates that pendant bonds are mainly formed by the breaking of Si-Si
bonds. It was also observed that the light intensity causing this condition is far from that required for laser or solid phase crystallization.
Using the Raman spectroscopy method, a structural transformation was discovered, expressed in a densely packed array of nanocrystals
with a size of less than 11 lattice parameters. Small clusters were under strong internal stress (up to 3 GPa), which probably prevents
the cluster size from increasing beyond the critical value for irreversible crystallization.
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INTRODUCTION

In recent years, many scientists have shown significant interest in the interaction of rare earth metals (REMs) with
a semiconductor surface, in particular, the Si surface [1-3]. This interest is caused by the following factors: 1) as a result
of the high chemical activity of rare-earth metals, ordered films can be formed at the rare-earth metal-Si interface with
specific physicochemical properties, such as high thermal stability, thermal conductivity and electrical conductivity. These
films may be promising in terms of their applications in micro and nanoelectronics; 2) in some cases, a barrier (0.18 eV)
is formed at the REM—Si interface [11], which in turn allows the use of such systems to create optoelectronic devices
operating in the infrared region. Also interesting is the influence of the degree of filling of the 4f shell during the
interaction of rare earth metals and silicon. Many studies have studied the processes of formation of REM-Si interference,
including interfaces in Si-Yb structures [4,5]. However, in these works the stages of formation of silicides are not given.
In this regard, divalent ytterbium, which is one of the components of these structures, is less chemically active than other
rare-carth metals. Thus, we can assume that studying the structures will reveal some new fundamental features of the
formation of Si-Yb interfaces. In addition, the Si-Yb system is interesting from a practical point of view, since silicide
films are formed under certain conditions, and are promising for use in transistors based on the metal-oxide—
semiconductor structure [6].

Amorphous semiconductors exhibit various metastable states under illumination [7-10], which results in a significant
change in some properties of the films, which can negatively affect the performance and service life of the device. Therefore,
the study of structural changes caused by illumination is of great interest for various technologies based on these silicide films.
On the other hand, this should contribute to a better knowledge of the physics of amorphous semiconductors and the kinetics of
their crystallization, which are fundamental to the above-mentioned technologies, which have not yet been fully studied. The
most studied system is a-Si:H, for which two main metastable effects have been identified upon exposure to illumination. The
first of these is the Wronski effect [7,8,10], in which light soaking of a-Si:H leads at relatively low concentrations (10'*~10!7
cm™) to a medium gap state, associated with the formation of defects and breaking of bonds. Another registered metastable
effect is structural transformation [9], and it has been proven that the optical and electrical properties of a-Si have undergone
significant changes. These transformations disappear upon thermal annealing below 200°C.

The purpose of this work is to study Si<Yb> and nanofilms of Si-YD structures. Structural changes were studied
using Romanov and infrared spectroscopy.
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MATERIALS AND METHODS

Raman spectra were obtained using a SENTERRA II Bruker Raman spectrometer. This fully automated instrument
combines excellent sensitivity and high resolution of 4.0 cm™'. Senterra calibration was automatic and referenced to NIST
acetaminophen and silica standards, resulting in wavelength accuracy of 0.2 cm™!. The experiments were carried out with
a laser with a wavelength =532 nm, a maximum power Pm.x=25 mW, an acquisition time of 100 s, and the addition of
two spectra. This device allows you to obtain spectra in the range from 50 to 4265 cm™'. The Raman spectra were specially
processed to be able to compare intensity ratios between samples. Before normalizing the spectra to the peak at 522 cm’!,
which corresponded to the most intense peak in the spectral region 4265-50 cm™!, we subtracted the baseline for each
spectrum.

Raman spectra of samples (4 in total) were obtained at room temperature. The sample temperature was recorded
with an accuracy of -60°C. 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.

Fourier transform infrared (FTIR) spectroscopy is a powerful technique used to analyze the infrared spectrum of a
sample. It provides information about the molecular vibrations of a substance, which allows the identification of
functional groups and composition of the material.

n-Si samples with an initial resistivity from 0.3 to 100 Qxcm were selected for the study. Before alloying, the samples
were subjected to thorough acid-peroxide washing, and the oxide layers were removed from the surface of the samples
using a HF solution. After thoroughly cleaning the surface of the samples, films of high-purity ytterbium impurities
(99.999%) were deposited onto the clean Si surfaces using vacuum deposition. Vacuum conditions in the volume of the
working chamber of the order of 107-10® torr were provided by an oil-free vacuum pumping system.

Before diffusion annealing, the samples were placed in evacuated quartz ampoules. Doping of samples with Yb
impurities was carried out by the diffusion method at a temperature of 1200°C for 40 hours, followed by rapid cooling. To
study the interaction of impurity atoms in silicon, not only uniform doping of the material is necessary, but also a maximum
concentration. In this regard, we took into account the optimal conditions for doping silicon with these impurity atoms.

RESULTS AND DISCUSSION
Infrared light passes through or reflects off the sample. Molecules in the sample absorb infrared photons, causing
the bonds between atoms to vibrate. The transmitted light hits a detector, which records the light intensity depending on
the wave number [20-23].
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Figure 1. IR spectrum of n-type silicon doped with Yb impurities: 1 - IR spectrum of n-Si<Yb> samples, 2 - IR spectrum of Si
original samples, 3 - IR spectrum of Si control samples

Comparing the results obtained, they show that the concentration of optically active oxygen ngt decreases
significantly after the diffusion of Yb impurities (Fig. 1).

The results show that doping silicon with ytterbium impurities reduces the concentration of optically active oxygen
ngt by 30-40%, depending on the concentration of the introduced impurities.

To determine the crystallite size using Raman scattering, the bands were selected in accordance with the modified
length correlation [18,19]. The Raman intensity can be expressed as
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where [y is the linewidth of the phonon peak of crystalline Si, m(q) is the phonon dispersion law, the phonon wave vector
q is expressed in units of 27/a, where a is the lattice parameter of crystalline Si, L is the diameter of the crystallites,
expressed in units of the lattice parameter. For pure Si, the phonon dispersion equation can be approximated by the
equation of the following expression:

1
w?(q,T) = A(T) + [A%(T) — B(T) X (1 — cosmq)]=. )
A and B are determined from the phonon dispersion curve
4= (wo(T) + Aw)?
= 5 ,
2
o (4, (1) +200)2-L2TIAD7)

B = - : 3)

where ®p and ol are the phonon frequencies of the central (q=0) and outer zone (q=1), respectively, and A® is an
additional parameter that we introduce to take into account the magnitude of the internal voltage. Initially, experimental
LTIOS spectra in Si were fitted using equation (1) and assuming Am=0 in equations (3). The change in o and I'¢ with
temperature changes were previously determined on a crystalline Si sample. The dependence of ®; on T was taken to be
the same as 9. We assume that the shift will occur due to the presence of internal tension and stress, which is not taken
into account if Aw=0. The internal stress can be determined by the usual relationship given for crystalline Si [14]:

Aw(cm™) = 2.30 (GPa), “)

It has previously been argued that the difference in Raman phonon bands between crystallites and nanocrystallites
mainly concerns their passband, while the Raman frequencies are very similar, a statement supported by attributing the
calculated transition to internal voltage [13]. IR (Fig. 1.) and Raman (Fig. 2.) spectra of Si and Si-Yb were obtained for
use in the study. The Raman spectrum of amorphous layers consists of several broad bands reflecting a single phonon
density of states. When the material is crystalline, the bands become narrower and distinct peaks appear. In the case of
Si-Yb, three first-order Raman bands associated with Si—Si appear, and vibrations of the Si-Yb and Yb—Yb bonds also
appear. The peak position and intensity of these bands depend on the composition, as well as on other factors, such as
heating, etc., which in turn can contribute to a shift in the frequency of the peaks (Fig. 2.).
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Figure 2. Raman spectrum. (1)-ytterbium (Yb); (2)-KEF-40 (initial); (3)-KEF-40-Si<Yb>; (4)-KEF-100-Si<Yb>

The laser beam and temperature induce an ordered state (hereafter referred to as LTIOS), which is monitored by the
Raman spectrum. Further increase in temperature under the influence of light preserves the Raman signature of the
nanocrystalline material.

As we already mentioned, LTIOS appears under the light. exposure within a certain temperature range for various
compositions of a-Si-YDb alloys. LTIOS is observed at significantly lower laser power densities than those required for
laser crystallization.
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The size of nanocrystals remains around 8 lattice parameters, reaching a maximum value of 11 lattice parameters.
The amount of internal stress varies greatly. When Ao is plotted as a function of T, it can be seen that the internal stress
increases in the mid-temperature range and partially relaxes in the temperature range where the amorphous state is visible
in the Raman spectra. The presence of large stresses should deform the crystallites, similar to the so-called paracrystallites,
the existence of which has been reported by other authors in very thin a-Si layers [15,16]. On the other hand, the Raman
spectrum of partially crystallized silicon is usually represented by two bands, one of which corresponds to the TO phonon
of nanocrystals, which appears at a lower frequency than one of the large crystals (522 cm™!) and the second, much wider,
appearing at lower frequency (969 cm™") associated with the surrounding amorphous matrix. The volume fraction occupied
by nanocrystalline nuclei (Vnc) is proportional to the Raman scattering intensity of the first order TO phonon band.

This can be estimated by the intensity of the TO phonon in the nanocrystalline state, normalized to the sum of the
intensities of the TO phonon in the amorphous (969 ¢m™) and nanocrystalline state (522 ¢cm™!) where the coefficient of
0.88 is a correction due to the difference in the Raman cross sections of crystalline and amorphous Si [17].

_ Inc
Vae = s ®)
This means that the increase in the volume occupied by ordered Si does not arise due to the formation of large
crystalline grains, but is a consequence of an increase in the number of crystallites of reduced size. This structure is
characterized by tensile stress in grain boundaries, at which expansion of the bond length is energetically more favorable
[18]. The activation energy for the transition from amorphous to nanocrystalline can be estimated at 0.15 eV. The size of
the nuclei lies in the range of 811 lattice parameters, larger than the size of the threshold for the existence of a stable
crystalline diamond-like lattice, which was estimated to be about 6 lattice parameters [18]. When the state of the highest
order is reached, it is almost completely filled with crystalline grains. Since the grain size was about 8—11 lattice
parameters, it is necessary to take into account a large number of nucleation centers. This large accumulation of nucleation
may be due to defects in the amorphous material. This suggests that the existence of LTIOS is closely related to the
structure of the amorphous layers and, therefore, defects in the amorphous layers may play an important role in this effect.
It is also known that the kinetics of crystallization of amorphous Si strongly depends on its structural relaxation state [19].
The Raman spectrum of an amorphous semiconductor provides information about the state of structural relaxation. In
particular, for amorphous Si, the TO-Raman bandwidth (969 cm™) is related to the distortion of the dihedral bond angle
Dgq which can be approximated by the following equation:

(o) = 322+ (6.75Dq)’. (©6)

It was found that an increase in the number of defects causes a broadening of the amorphous zone. Similar
relationships should exist for Si-Yb, but to our knowledge they have not been previously reported. We noticed that the
relative intensity of the three Raman bands in Si-Yb systems in the LTIOS state changes, the relative intensity of Si-Si
decreases, which in turn indicates that pendant bonds are mainly formed as a result of the cleavage of the Si-Si bond.

CONCLUSION

The results of the study indicate that doping silicon with ytterbium impurities leads to a decrease in the concentration
of optically active oxygen ngt by 30-40%, depending on the concentration of the introduced impurities. A reversible
ordered state was discovered in n-Sij«Ypx (0<x<0.38) layers under the influence of a laser beam. The light intensity
causing this condition was found to be far from that required for laser or solid-state crystallization. Using the Raman
spectroscopy method, a structural transformation was revealed that manifests itself in a close-packed array of nanocrystals
with a size of less than 11 lattice parameters. Small clusters were under strong internal stress (up to 3 GPa), which probably
prevents the cluster size from increasing beyond the critical value for irreversible crystallization.
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CTPYKTYPHI BJACTUBOCTI KPEMHIIO JIETOBAHOT'O PIAKICHO3EMEJIbHUM EJTIEMEHTOM ITEPBIEM
Xomkakbap C. Janies?, Hlapida B. Yramypanosa®, [xonioex JTx. Xamuaamos®, Maucyp b. Bekmyparos®
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VYV nmaniii po6OTI HaBeAEHO pe3yJbTaTH NOCHI/KEHHS CTaHy aroMiB iTepOilo B KpeMHil, mpoBexeHi Meropamu iHQpauepBOHOT
cnekrpockorii (I4) Ta cmekrpockomii kombOiHamiiiHoro poscitoBanHsa (PC). 3paskm KkpemHiro, jeroBaHi IoMimkamu iTepoito,
aHamizyBanmu 3a gomomororo crekrpomerpiB FSM-2201 ta SENTERRA II Bruker. IlpoBemeHo peecTpamito Ta imeHTH(IKAIiIO
KOMITOHEHTIB SIK KPHCTaJIgHOI, Tak 1 aMmopdHoi ¢a3 y 3pa3kax. Pe3ynpTaT HOCTIIPKEHHS MiATBEPAXKYIOTh, 10 JIETYBAHHS KPEMHIIO
JIOMIIIKaMH iTepOil0 IPHU3BOJANTH IO 3HIKCHHS KOHIIEHTpamii onTHYHO akTHBHOTO KucHIO N_O”opt Ha 30-40 % 3amexHO Bif
KOHIIGHTPAIIiT BBEICHNUX JOMIIIOK. TakoXk BCTAHOBJIEHO, IO 30UIBIIEHHS KIIBKOCTI Ie(eKTiB MPU3BOAUTE 0 PO3IIUPEHHS aMophHOT
30HH. [TpunycKaeThCsl, O aHAIOTTYHI 3aJIC)KHOCTI ICHYIOTh Ul cucTeMu Si-Yb; ofHaK, HACKIIbKM HaM BiJIOMO, TIOIOHI pe3yasTaTu
paHilie He TOBigOMILsLIHCS. Bin3HadeHo, 110 BifHOCHA IHTEHCHBHICTh TPHOX PaMaHIBCHKUX cMyr y cucteMax Si-Yb y crani LTIOS
(The light and temperature inducted ordered state) 3miHIOETBCS, @ BiZJTHOCHA iHTEHCHBHICTH Si-Si 3MeHmyeThest. Lle Bkasye Ha Te, 110
MiABIMICH] 3B’ 13K B OCHOBHOMY YTBOPIOIOTHCS HIJISIXOM PO3PUBY 3B’ A3KiB Si-Si. Byno Takoxk momiueHo, 1o iHTEeHCHBHICTb CBITIIA, SKa
BHKJIMIKA€ IeW CTaH, AajieKa BiJg HeoOXimHOi uig ja3epHOi abo TBepAo¢a3HOi KpHcTamizalii. 3a TOMOMOTOI0 METOAY PaMaHiBCHKOT
CHEKTPOCKOMii OyJI0 BUSBIEHO CTPYKTypHE HMEPETBOPEHHS, BUPaKCHE B IIIIHHO yNAKOBAaHOMY MAcHBI HAHOKPHCTATIB 3 PO3MipOM
menmre 11 mapamerpis pemritku. HeBennki xitactepu nepeOyBany Iiji CHIBHOIO BHYTPINIHBOI0 Hanpyroto (1o 3 I'Tla), mo, #iMoBipHO,
3amo0irae 30UIBIICHHIO PO3MIpy KJIacTepa IMOHA KPUTUYHE 3HAUCHHS JJIsl HEOOOPOTHOI KpHCTaTi3allii.
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