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CALIBRATIONS COEFFICIENTS FOR DETERMINATION OF CONCENTRATIONS 
OF VACANCY-OXYGEN-RELATED COMPLEXES AND OXYGEN DIMER IN SILICON 

BY MEANS OF INFRARED ABSORPTION SPECTROSCOPY

Abstract. Vacancy-oxygen complexes VnOm (n, m l 1) in crystalline silicon are nucleation centers for oxygen precip-
itates, which are widely used as internal getters in modern technologies of production of silicon-based electronic devices 
and integrated circuits. For the controllable formation of oxygen precipitates in Si crystals in the technology processes the 
methods of determination of concentrations of the VnOm complexes are required. The aim of the present work was to find 
values of the calibration coefficients for determination of concentrations of the VnOm defects in Si from intensities of in-
frared (IR) absorption bands associated with the local vibrational modes (LVM) of these complexes. A combined electrical 
(Hall effect) and optical (IR absorption) study of vacancy-oxygen defects in identical silicon crystals irradiated with 6 MeV 
electrons was carried out. Based on the analysis of the data obtained, the values of the calibration coefficient for the determi-
nation of concentration of the vacancy-oxygen (VO) complex in silicon by the infrared absorption method were established: 
for measurements at room temperature (RT) – NVO = 8.5 · 1016 · αVO-RT cm–3, in the case of low-temperature (LT, Т h 10 K) 
measurements – NVO = 3.5 · 1016 · αVO-LT cm–3, where αVO-RT(LT) are absorption coefficients in maxima of the LVM bands due 
to the VO complex in the spectra measured at corresponding temperatures. Calibration coefficients for the determination of 
concentrations of other VnOm (VO2, VO3, VO4, V2O and V3O) complexes and the oxygen dimer (O2) from an analysis of infra-
red absorption spectra measured at room temperature have been also determined.
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КАЛИБРОВОЧНЫЕ КОЭФФИЦИЕНТЫ ДЛЯ ОПРЕДЕЛЕНИЯ КОНЦЕНТРАЦИИ ВАКАНСИОННО-
КИСЛОРОДНЫХ КОМПЛЕКСОВ И КИСЛОРОДНОГО ДИМЕРА В КРЕМНИИ МЕТОДОМ ИК-ПОГЛОЩЕНИЯ

Аннотация. Вакансионно-кислородные комплексы VnOm (n, m l 1) в кристаллах кремния являются центрами за-
рождения кислородных преципитатов, которые широко используются в качестве внутренних геттеров нежелатель-
ных примесей в современных технологиях изготовления кремниевых электронных приборов и интегральных ми-
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кросхем. Для контролируемого формирования кислородных преципитатов в кристаллах Si в технологических про-
цессах необходимы методы измерения концентрации комплексов VnOm. Целью настоящей работы было нахождение 
калибровочных коэффициентов для определения концентрации вакансионно-кислородных дефектов в кремнии из 
интенсивностей полос инфракрасного (ИК) поглощения, связанных с локальными колебательными модами (ЛКМ) 
этих комплексов. С использованием электрических (эффект Холла) и оптических (ИК поглощение) измерений прове-
дено комплексное исследование вакансионно-кислородных центров в кристаллах кремния, облученных электрона-
ми с энергией 6 МэВ. На основе анализа полученных данных установлены значения калибровочных коэффициентов 
для определения концентрации комплекса вакансия-кислород (VO) в кремнии методом инфракрасного поглощения: 
для измерений при комнатной температуре (RT) – NVO = 8,5 · 1016 · αVO-RT см–3, в случае низкотемпературных (LT, 
Т h 10 К) измерений – NVO = 3,5 · 1016 · αVO-LT см–3, где αVO-RT(LT) – коэффициенты поглощения в максимумах полос 
ЛКМ комплекса VO в спектрах, измеренных при соответствующей температуре. Установлены также калибровочные 
коэффициенты для определения концентраций других вакансионно-кислородных комплексов VnOm (VO2, VO3, VO4, 
V2O и V3O) и кислородного димера (O2) из анализа спектров поглощения измеренных при комнатной температуре. 

Ключевые слова: кремний, вакансионно-кислородные комплексы, кислородные димеры, колебательные поло-
сы поглощения, калибровочные коэффициенты
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Introduction. Oxygen is one of the most abundant and technologically important impurities in sili-
con [1]. Oxygen concentration in silicon crystals grown by the Czochralski technique (Cz-Si) is in the 
range of (5–10) · 1017 cm–3, often exceeding concentrations of other impurity atoms. In as-grown Si crys-
tals oxygen is mainly present in the form of interstitial (Oi) atoms [1]. The Oi concentration in crystalline 
Si is usually determined from room temperature (RT) measurements of the intensity of the infrared (IR) 
absorption band at 1107 cm–1 [1, 2] with the use of the following equation: [Oi] = Kα-Oi · α1107 cm−3, where 
Kα-Oi is a calibration coefficient and α1107 is an absorption coefficient at the maximum of the band at 
1107 cm–1. The most widely used value of the calibration coefficient is Kα-Oi = 3.14 · 1017 cm–2 [2, 3].

Although interstitial oxygen atoms in Si are electrically neutral and immobile at RT, they effec-
tively interact with intrinsic lattice defects, vacancies and self-interstitials, other impurity atoms and 
themselves upon radiation and thermal treatments, so contributing to the formation of a large variety of 
electrically and optically active oxygen-related radiation- and thermally-induced defects [1, 2]. Nearly 
all these oxygen-related centers give rise to local vibrational mode (LVM) lines, which can be detected 
by the IR absorption spectroscopy [2, 4]. Fourier-transform infrared (FT-IR) absorption spectroscopy 
has been successfully used in the studies of many oxygen-related aggregates including vacancy-oxy-
gen-related complexes VnOm (n = 1–3, m = 1–4) [2, 4–10]. Among the VOm defects only the VO complex 
(A-center) [11] and the VO2 complex being in a metastable state [8] can be detected by electrical mea-
surements in n-type Si crystals. On the other hand, absorption lines due to many of the VnOm defects 
have been identified in the FT-IR absorption spectra [2]. For prediction of changes in electrical and 
optical properties of Cz-Si crystals upon radiation and thermal treatments it is necessary to know the 
absolute values of defect concentrations. However, the available information on calibration coefficients 
for the determination of concentrations of the vacancy-oxygen related complexes by IR absorption is 
very limited [12–14].

In 1986 Oates and Newman [12] determined the calibration coefficient for determination of con-
centration of the vacancy-oxygen complex from magnitude of the VO related absorption peak at 
830 cm–1 (measurements at RT). According to their work, [VO] = (6.1 · 1016) · α830 cm−3, where α830 is 
an amplitude of the vibrational absorption band at 830 cm–1. Oxygen-rich Si samples doped with tin and 
irradiated with 2 MeV electrons at RT were studied in the work. After the irradiation the main vacancy-
related defects were tin-vacancy complexes. Upon further annealing at about 160 °C these complexes 
started to dissociate and the released vacancies were captured by Oi atoms to form VO defects. The 
concentration of removed Oi was measured and assumed to be equal to the concentration of the gener-
ated VO complexes. Such procedure seems to be rather reliable. A very similar calibration coefficient 
for the determination of the VO concentration in Si was later obtained by Davies et al. [13] in their work 
on modeling the generation kinetics of radiation-induced defects. However, in both cases [12, 13] the IR 
absorption measurements were carried out with a rather low spectral resolution, the measured full width 
at half of maximum (FWHM) of the 830 cm–1 band was about 9 cm–1 in the spectra presented. The ac-
tual FWHM of this band in the spectra measured at RT is less than 6 cm–1 (about 5.3 cm–1 [9, 15]) and 
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therefore the values of the calibration coefficients determined in Refs. [12] and [13] for the 830 cm–1 line 
are questionable. IR absorption measurements with a higher resolution are required for the correct deter-
mination of an absorption coefficient for this line.

In the present work, in order to determine the calibration coefficient for calculation of concentration 
of the VO complex from intensity of the absorption line due to this defect, direct measurements of the 
concentration of A centers by the Hall effect method were carried out, and IR absorption spectra were 
measured on identical samples irradiated with the same doses of 6 MeV electrons. Furthermore, based 
on the consideration of positions and geometry of oxygen atoms in the lattice for a number of other va-
cancy-oxygen related centers and the oxygen dimer the calibration coefficients for determination of con-
centrations of these defects from infrared absorption measurements at room temperature are proposed. 

Experimental details. We have used two similar sets of oxygen-rich Czochralski-grown phospho-
rus-doped n-type Si crystals with a resistivity of about 1 Ω · cm. Both sets were irradiated with 6 MeV 
electrons at RT with the same doses in the range of (1–5) · 1016 cm–2. 

The VO concentration (concentration of the defect with EС – 0.18 eV energy level in the gap) in one 
set of samples was determined by an analysis of the temperature dependences of free carriers, n, ob-
tained by means of the Hall effect measurements in the temperature range 77–400 K. The dependences 
of n were calculated taking into account the temperature dependence of the Hall factor and analyzed 
by the application of the conventional method based on the solution of the electrical neutrality equa-
tion [16]. Besides, to determine the parameters of radiation-induced defects in the samples used, the 
differential method [17] has been also used, according to which a position of the energy level (ED) and 
the concentration of a defect (N) can be determined from the dependence of the value Y = kT(dn/dF) on 
F = EС – EF, where EF is the Fermi level position. Ionization of a defect results in appearance of a peak 
in the Y(F) dependence, and if the levels of various defects are located far enough from each other 
(ΔED > 3.5 kT), then multiple peaks occur in the Y(F) dependences. For ordinary defects with positive 
values of electron correlation energy (U > 0), the ordinate of the band maximum is Ymax = 1/4 N, where 
N is concentration of a defect, and the abscissa of the band maximum, Fmax, corresponds to the energy 
level position in the band gap [17].

Another set of samples was used for FTIR absorption measurements. For optical measurements the 
samples were polished to an optical surface on two sides and the dimensions were 10 ç 6 ç 3 mm3. The 
IR absorption spectra in the wavenumber range 400–4000 cm–1 were measured using a Bruker IFS 
113v spectrometer at temperatures of 20 and 300 K with a spectral resolution of 0.5 or 1 cm–1, respec-
tively. The concentrations of interstitial oxygen ([Oi] = 1 · 1018 cm–3) and substitutional carbon ([Cs] = 
2 · 1016 cm–3) atoms were determined from measurements of intensities of absorption bands at 1107 and 
605 cm–1 using calibration coefficients 3.14 · 1017 cm–2 and 0.94 · 1017 см–2, respectively [2, 3].

Absorption coefficients of the bands due to vacancy-oxygen complexes were determined by fitting 
the relevant absorption lines with Lorentzian components with contributions due to silicon isotopes (29Si 
and 30Si) being taken into account [15, 18].

Results and discussion. Figure 1 shows, as an example, the temperature dependences of the free 
electron concentration {n(T)} measured for an as-grown Si sample (curve 1), and a sample irradiated 
at room temperature to a dose of 1.3 · 1016 cm–2 (curve 2) and further annealed at 150 °C for 30 min 
(curve 3). It is known that irradiation of moderately doped n-type Cz-Si crystals with fast electrons re-
sults in the formation of vacancy-oxygen and vacancy-phosphorus centers, divacancies (V2) and defects 
with an energy level at EС – 0.125 eV, which is related to a complex consisting of the Si self-interstitial 
atom and two oxygen atoms, IO2 [19, 20].

A precise determination of the A-center concentration by an analysis of the n(T) dependences mea-
sured after irradiation is rather difficult because of the presence of divacancies (the second acceptor level 
of V2 is at EC – 0.21 eV [21–23]) and the IO2 defect. Divacancies contribute to the value of the total con-
centration of defects with energy levels in the range EC – 0.18–0.21 eV and because of the close positions 
of the VO(–/0) and V2(–2/–) levels a careful analysis of the experimental n(T) dependences is required 
for the separation of contributions of the VO and V2 defects. The IO2 defect is known to annihilate upon 
heat-treatments in the temperature range of 100–125 °C. To eliminate the contribution of the IO2 defect 
into the n(T) dependences, the 30-min annealing was performed at 150 °C.



230 Proceedings of the National Academy of Sciences of Belarus. Physical-technical series, 2021, vol. 66, no. 2, pp. 227–233 �

After that we have carried out an analysis of the 
measured n(T) dependences (Figure 1, curve 3), 
taking into account the well-known position of 
the A-center level, EC – 0.18 eV [21]. The con-
centration of A-centers determined from an 
analysis of the n(T) dependence was found to be 
NА = (3.05 ± 0.2) · 1015 cm–3.

In another way the concentration of A-centers 
can be determined from the differential Y(F) de-
pendences [17]. The Y(F) dependence presented 
in Figure 2 for the Si sample irradiated with elec-
trons and annealed at 150 °C indicates the pres-
ence of only one peak with its maximum at about 
EС – 0.18 eV. The contribution of divacancy results 
only in a slight change of the peak shape. Based 
on the fact that for ordinary defects the ordinate of 
maximum Ymax = 1/4 N, the value of the concentra-
tion of the radiation-induced A-centers was found 
to be NA = (3.15 ± 0.1) · 1015 cm–3. The average val-
ue of the A-center concentration deduced from the 
analysis of the data obtained by means of electrical 
measurements for a few Cz-Si samples irradiated 
with 6 MeV electrons to a dose of 1.3 · 1016 cm–2 is 
found to be NA = (3.1 ± 0.1) · 1015 cm–3.

The absorption bands related to VO in the neu-
tral charge state (lines with their maxima at 830 
and 836 cm–1 in the spectra measured at room 
temperature and low temperature, respectively) as 
well as in the negative charge state (lines at 877 
and 885 cm–1 in the RT and LT spectra, respec-
tively [2]) were detected in the absorption spectra 
recorded at 20 K and room temperature (Figure 3). 
It is found that the values of half-width at half of 
the maximum of the bands due to VO0 and VO– 
are very close and are equal to 2.35 cm–1 and 
5.3 cm–1 in the low-temperature and room-tem-
perature spectra, respectively. The sum of the 
absorption coefficients of the lines at 836 and 
885 cm–1 (spectrum 1 in Figure 3) has been deter-
mined as 0.089 cm–1, while the sum of absorption 
coefficients of the lines at 830 and 877 cm–1 (spec-
tra 2 and 3 in Figure 3) is 0.036 cm–1.

The combined analysis of the obtained electri-
cal and optical data has allowed us to deduce the 

following values of calibration coefficient for the determination of the VO concentration in silicon by 
IR absorption: RT measurements – [VO] = 8.5 · 1016 · (α830 + α877) cm–3, LT measurements (m 20 K) – 
[VO] = 3.5 · 1016 · (α836 + α885) cm–3. 

We have also estimated the calibration coefficients for determination of concentration of the VO 
complex from the values of integrated absorption coefficient (IA, area under absorption bands) due to 
the VO related absorption lines. It has been found that values of the integrated absorption due to the VO 
related bands are very close in the RT and LT absorption spectra, about 0.21 cm–2 for the samples irradi-
ated to a dose of 1.3 · 1016 cm–2. So, we can alternatively write [VO] = 1.5 · 1016 · IAVO cm–3, where IAVO is 
the integrated absorption coefficient of the bands due to the VO defect.

Figure 1. Temperature dependences of carrier concentration 
in Cz-Si crystal: 1 – before irradiation, 2 – after irradiation 
with 6 MeV electrons at T = 293 K to a dose of 1.3 · 1016 cm–2, 

3 – after 30-min annealing at T = 150 °C

Figure 2. Dependence of the quantity Y = kT(dn/dF)  
on F = EC – EF, obtained by a numerical differentiation  

of the dependence 3, shown in Figure 1
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Based on the calibration data obtained for 
the VO center and assuming that the oscillator 
strength of the oxygen atom vibrations as well 
as the shape of absorption bands are the same 
for the oxygen atoms located in the Si vacancy 
with different environments we have also esti-
mated calibration coefficients for the determina-
tion of concentrations of the VO2 (LVM related 
band with its maximum at 889 cm–1 in the RT 
absorption spectra [2, 7]), VO3 (bands at 905 
and 969 cm–1 [7]), VO4 (band at 985 cm–1 [7]), 
V2O (band at 826 cm–1 [15]) and V3O (band at 
839 cm–1 [15]) complexes in silicon by infra-
red absorption measurements at room tem-
perature. The concentrations of the above men-
tioned complexes can be determined as: [VO2] = 
4.25 · 1016 · α889 cm–3, [VO3] = 8.5 · 1016 · (α905 + 
α969)/2 cm–3, [VO4] = 4.25 · 1016 · α985 cm–3, [V2O] = 
8.5 · 1016 · α826 cm–3, [V3O] = 8.5 · 1016 · α839 cm–3.

The oxygen dimer (O2i) is expected to play 
a key role in a number of oxygen diffusion and 
precipitation phenomena [1, 4, 24], including 
the formation of the center responsible for the 
light-induced degradation of silicon-based solar 
cells [25–28]. The control of concentration of the dimer is required for prediction of changes in electrical 
and optical properties of Si : O crystals upon different radiation- and heat-treatments. In the most stable 
“staggered” configuration [29, 30] the oxygen dimer gives rise to two LVM-related absorption bands 
with their maxima at 1012 and 1060 cm–1 in the spectra measured at LT and at 1013 and 1062 cm–1 in 
the RT spectra [2, 24, 31]. The configurations of two oxygen atoms in the staggered configuration re-
semble those for the single interstitial oxygen atoms [29, 30], so, it can be expected that the oscillator 
strengths for vibrations of each oxygen atom involved in O2i are close to that for the Oi atom. However, 
the calibration coefficient Kα = 3.14 · 1017 cm–3 cannot be used for calculations of the dimer concen-
tration in the same way as for single interstitial oxygen atoms, because of different HWHM values 
for the bands due to Oi and O2i. In the absorption spectra measured at room temperature the HWHM 
value of the band at 1107 cm–1 due to Oi is 34 cm–1 [2], while that of the band at 1013 cm–1 due to O2i is 
7.8 cm–1 [2, 24]. For calculation of the dimer concentration it is necessary to use the calibration coeffi-
cient for integrated absorption of the Oi-related band at 1107 cm–1. This coefficient has been determined 
as KIA-Oi = 0.94 · 1016 cm–1 [32]. Otherwise, it is possible to use the value of absorption coefficient of the 
O2i-related band at 1013 cm–1 and Kα-Oi = 3.14 · 1017 cm–3, but the obtained value should be corrected 
by the ratio of HWHM values of the 1013 and 1107 cm–1 absorption bands. This approach gives [O2i] = 
3.14 · 1017 · (7.8/34) · α1013

 = 7.2 · 1016 · α1013 cm−3.
Conclusions. From a comparison of the data obtained by means of electrical and optical measure-

ments the following expressions for determining the concentration of A-centers in silicon by IR absorp-
tion have been derived: for measurements at room temperature NVO = 8.5 · 1016 · (α830 + α877) cm–3, in the 
case of low-temperature measurements, NVO = 3.5 · 1016 · (α836 + α885) cm–3. The calibrations coefficients 
for determination of concentration of a number of more complex vacancy-oxygen related defects (VO2, 
VO3, VO4, V2O and V3O) and the oxygen dimer from optical absorption measurements at room tempera-
ture are proposed.
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