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PROPERTIES OF SINGLE CRYSTAL SILICON DOPED WITH VANADIUM
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The paper reports the sharp increase in resistivity and the conductivity change (type) in the single-crystal silicon sample doped with
vanadium. The electrical and optical properties of single-crystalline silicon were determined Hall- and four-probe measurements and
infrared (IR-) spectroscopy. Relative resistance, charge carrier concentration, mobility, and concentration of optically active oxygen

and carbon in the samples were determined layer-by-layer. It is shown that in silicon samples doped with vanadium the concentration
of optically active oxygen atoms tends to reduce.

Keywords: Silicon, Vanadium; Diffusion; Resistivity; Optically active; Oxygen,; Carbon
PACS:78.30. Am

INTRODUCTION

The proposed technique of doping silicon with vanadium could possibly be used for the production of microcircuits,
thus improving the physical parameters of the processed samples and ensuring production of sensitive diodes.

As is known, doping of silicon with impurity atoms that create deep levels leads to the formation of a defect
structures in the silicon crystal lattice, and integrated circuits based on silicon doped with transition elements are
traditionally characterized by robust long-term performance characteristics [ 1-2]. Transition elements embedded in silicon
play a significant role by gettering the outer electronic shells of impurity atoms and intrinsic atoms, and have high
chemical activity. However, it was earlier mentioned that in silicon they are mostly in electrically inactive states [3-4].

However, the mechanisms of these physical phenomena, depending on the type of impurity atoms, environment, chemical
composition and structure of these microformations, still remain unclear.

EXPERIMENTAL AND RESEARCH METHODS
The study shows that in the original single-crystalline silicon grown by the CZ- technique, the concentration of
oxygen atoms was about ~10'® cm3, while the concentration of carbon atoms approximately 10'7 cm™, which were also
in electrically inactive state. A series of analysis and studies of manufactured samples is shown in [4-5]. The authors

compare various long-term scientific results, the molecular state of vanadium atoms in silicon and their interaction with
growing layers.
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Figure 1. Dependence of charge carrier concentration layer-by-layer

Doping of silicon with vanadium impurity atoms was carried out by implementing the diffusion technique in
unvacuumed ampoules at T=1200° C for t = 10 hours and the deposition was induced from a layer of vanadium chloride

Cite as: Kh.S. Daliev, Z.M. Khusanov, East Eur. J. Phys. 1, 366 (2024), https://doi.org/10.26565/2312-4334-2024-1-35
© Kh.S. Daliev, Z.M. Khusanov, 2024; CC BY 4.0 license


https://doi.org/10.26565/2312-4334-2024-1-35
https://periodicals.karazin.ua/eejp/index
https://portal.issn.org/resource/issn/2312-4334
https://creativecommons.org/licenses/by/4.0/
https://orcid.org/0000-0002-2164-6797
https://orcid.org/0009-0005-9420-8033

367

Properties of Single Crystal Silicon Doped with Vanadium EEJP. 1 (2024)

deposited on the surface of single-crystalline silicon. The maximum cooling rate of silicon samples after the diffusion of
vanadium atoms was ensured by throwing quartz ampoules into coolant oil, the cooling rate of which vy = 300 K/s.
Minimum cooling rate was v = 25 K/s and was ensured after the electric furnace KSL-1075-1 has been turned off. As
can be seen from Fig. 1, the charge carrier concentration (n) decreases depending on the penetration depth (x). The charge
carrier concentration decreases across the depth of 20 um from the sample surface, and then a stabilization of the charge
carrier concentration is observed.

It was found that the doping Si with V at a diffusion temperature of T4=900-1000 °C practically does not change the
concentration of n-Si charge carriers.

Table 1. Reference Si sample

Charge carrier Carriers mobility, Specific resistance of Conductivity type
Si concentration, n (cm=) u (em?/Vs) samples, p (Om-cm) (type)
1.402-10™ 9.855-10? 5.016E-10! n

It is known that various high-temperature heat treatments (HHT) lead to changes in the defects structure of single-
crystalline silicon. In this case, one can witness the process of assembly of various associated states of technological
impurities (for example, oxygen atoms in silicon). Depending on the processing temperature, compounds of the SiOx type
are also formed on the silicon surface [5-6].

During the study, the results of the electrophysical parameters of doped silicon samples diffused for 10 hours at a
constant temperature T=1200°C are presented in Table 2.

Table 2. Electrophysical parameters of Si<V> diffusion samples

Ne Thickness of the Carrier mobility, Specific resistance of Conductivity type (type)
removed layer, n (em?/Vs) samples, p (Om-cm)
X (mk)
1 5 3.852-10! 5.748-10! p
2 10 3.869-10? 4.171-10! p
3 20 7.881-10? 4.023-10! p
4 30 8.839-10° 5.484-10! n
5 40 8.798-10° 5.376-10! n
6 50 8.597-10° 5.839-10! n
7 60 8.311-10% 5.019-10! n
8 70 9.676-10? 5.422-10! n
9 80 8.921-10° 4.594-10! n
10 90 8.707-107 4.837-10! n
RESULTS AND DISCUSSION

The authors assume that the resistivity p of deep layers of the surface area of the resulting structure does not change
sharply, and secondly, it is characterized by an almost flat distribution of resistivity p across the bulk of the silicon
sample [7-8].

During the study, the resistivity of the starting samples was up to 50 Ohm-cm, and the thickness of the mechanically
polished samples was 1.5 mm. The concentration of the optically active oxygen atom is N,®®=9-10'” cm~ and the carbon
concentration NP%=7.3-10'7 cm™, according to IR-absorption spectra at 1100 ¢cm™!' (oxygen band area) and 610 cm’!
(carbon band area). Infrared absorption spectrum at 300 K according to a two-beam scheme, infrared spectra FSM-2201
operating in the range 370+7800 cm™' a spectrometer was used to determine the optically active oxygen (No°) carbon
(NP at room temperature [7-11]. IR-absorption spectra were measured for oxygen at 1106 cm™ (9.1 pm) (Fig. 2b).
For carbon, IR-absorption spectra were measured in the range 607 - 620 cm™ (Fig. 2a).

The concentration of optically active oxygen atoms and the concentration of optically active carbon atoms were
analyzed using the following equations:

)
(@)

I and Iy are intensities of incident and transmitted light, d is the thickness of the sample. 1- concentration of optically
active oxygen was determined by the following equation:
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Figure 2. IR-absorption spectrum. a) N, b) No°?, 1 — high spectrum (n-Si) for the reference sample. 2 — for the lower spectrum
(n-Si<V>)

Analysis of these results shows that in Si with n- and p-type vanadium, a decrease in the concentration of optically
active oxygen by 8-10% was observed compared to reference samples that had undergone heat treatment under similar
conditions. The IR-absorption spectra of optically active carbon at a wavelength of A=16.4 pum were also studied.
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In reference samples and doped samples, a decrease in the concentration of optically active carbon by 2-3% was
observed [12-16]. In particular, the results of measurements of IR-absorption spectra of starting silicon samples, of the
doped silicon in the course of growth from solution and after various heat treatments show that the concentration of
optically active oxygen in Si<V> and vanadium increase as a result high-temperature heat treatment of the sample.

CONCLUSIONS

Thus, it has been shown that doping Si with vanadium atoms leads to a decrease in the concentration of optically
active oxygen No®*' by 8+10 % depending on the concentration of introduced vanadium impurity atoms. The above proves
that we are possibly seeing the interaction of vanadium atoms with oxygen atoms in the bulk of silicon. It has been
established that preliminary heat treatments of starting silicon samples at T = 1200°C for t = 12 hours leads to the
deposition of oxygen in parallel by forming SiO, molecules. In this case, the concentration of optically active carbon N°P*
decreases by 2+3 %. Additional V atoms in pre-heat-treated silicon led to a decrease in No°' by 10+15 %. This is due to
the peculiarities of the interaction of V atoms with SiO, molecules. It is shown that p-Si <HT+V> samples also exhibit
an increase in p after doping with vanadium atoms, but it is several times smaller compared to p-Si<}> samples.

It’s worth mentioning that when exposed to IR-radiation (wavelength of A=16.4 microns when silicon single crystals
are transparent), absorption depends only on chemical composition, structure and oxygen concentration. In order to find
out the clear mechanism of how vanadium atoms do influence the concentration and size of electroactive centers in silicon,
as well as establishing the influence of boundary and surface states on the observed phenomena might require additional
research into the subject.
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VY crarTi NOBiIOMIISIETBCS PO pi3Ke 30UIBIICHHS MUTOMOIO ONOpPY Ta 3MiHM (THIy) MPOBIJHOCTI B 3pa3Ky MOHOKPHUCTaTi4HOTO
KPEMHIi0, JIErOBaHOTO BaHa/1ieM. EJeKTpHyHi Ta ONTHYHI BIACTUBOCTI MOHOKPUCTATIYHOTO KPEMHIIO OYJIH BU3HAYCHI BUMIPIOBAHHIMHU
Xosmna Ta 90TUPHOX 30HIB Ta iH(pagepBoHOIO (IH) criekTpockomiero. BimHoCHMIA omip, KOHIEHTpAIiI0 HOCIIB 3apsdy, pyXJIUBICTh Ta
KOHIIEHTPAIIII0 ONTHYHO aKTUBHOTO KMCHIO Ta BYIJIEIO B 3pa3Kax BU3HAYaIH omaposo. [loka3ano, 1o B IETOBAaHUX BaHA/I1€M 3pa3kax
KpPEMHII0 KOHIICHTpAIlisl ONTUYHO aKTHBHHUX aTOMIB KHCHIO Ma€ TEHJCHIIIO 1O 3MEHIICHHSI.
KuntouoBi ciioBa: kpemniil; éanadii; ougysis; numomuti onip;, ONMUYHO AKMUBHUL, KUCEHb, KapOOH



