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The Doppler broadening of annihilation radiation (DBAR) measurements were performed on Czochralski and floating-zone-grown Si

crystals near the melting point using a positron microbeam. Below 1380 �C, the DBAR spectra showed essentially no change. In a very

narrow temperature range near the melting point, the peak intensities of the DBAR spectra (S parameter) decreased by approximately 1%

suggesting an increase in material density. Upon further heating, the S parameter markedly increased until melting. This indicates the

formation of thermal vacancies. Compared with theoretical calculation, both monovacancies and divacancies are considered to be formed.
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T
he diameter of current commercial Si crystals grown
by the Czochralski (CZ) method exceeds 300 mm.
Such an achievement in the Si industry gives us

much benefit in information technology. However, the
improvement of crystal quality, that is, the reduction of
grown-in defects, is still a central issue in minimizing the
percentage of defects in large-scale integration device
fabrication.

Intrinsic defects exhausted from the molten state are
frozen during the solidification. Such a process has been
studied extensively through transmission electron microsco-
py (TEM) observation and molecular-dynamics simula-
tions.1–6) The formation of stacking fault tetrahedra during
solidification process and the precursor state for melting
were found.

Considering the large activation energy of self-diffusion
(4 – 5 eV)7,8) and small migration energy of single vacan-
cies,9) if the self-diffusion is dominated by vacancies, the
thermal vacancy concentration in Si may be quite low well
below the melting point. In high-temperature in-situ positron
annihilation experiments on high-purity floating-zone (FZ)
Si,10–13) thermal vacancies have not been confirmed. Only
exceptionally in heavily doped n-type Si (&1020 cm�3),
thermal vacancies were found.14–18)

In this study, we carried out high-temperature in-situ
positron annihilation measurements on both CZ and FZ Si
samples using a positron microbeam. The original idea is
that the detection of thermal vacancies is possible by aiming
the positron microbeam onto the most heated region of a
sample. A precursor state for melting that is denser than
solid Si was observed. Thermal vacancies were also
observed near the melting point.

Samples were (i) a lightly phosphorus (P)-doped CZ Si
with a resistivity in the 10 –100 � cm range, (ii) a lightly P-
doped FZ Si with a resistivity in the 10 –100 � cm range, and
(iii) a heavily antimony (Sb)-doped CZ Si with a resistivity
of 0.02 � cm. The sample dimensions were 8� 1� 0:5
mm3. These samples were installed into a vacuum chamber
equipped with a positron microbeam apparatus.19) The
samples were heated by passing electric current directly.
Considering the Joule’s heat and heat radiation, the sample
temperature is empirically well-approximated by a linear
equation of square root of electric power. This sample
temperature was compared with that monitored using a
calibrated pyrometer in a broad temperature range. Their

difference was less than 5 K. Thus, in this study, sample
temperature was roughly measured using the pyrometer and
interpolated using the above empirical equation. A positron
microbeam with an energy of 20 keV was irradiated onto the
center of the sample. The Doppler broadening of annihila-
tion radiation (DBAR) was measured as a function of
temperature using a high-purity germanium detector. The
typical signal-to-noise ratio of a DBAR spectrum was
approximately 103. In one spectrum, more than 5� 105

events were accumulated. To monitor the production of
vacancies and/or any physical changes of a sample, the so-
called S parameter, which is defined as the central area
intensity of a DBAR spectrum, was determined. Here, the
energy window for the S parameter was �0:76 keV. The
reproducibility of experiments was confirmed by repeating
the same run more than two times.

To interpret the obtained Doppler broadening spectra,
electron–positron momentum distribution [�ðpÞ] was calcu-
lated within the local density approximation.20–22) The
valence electron wavefunctions were calculated on the basis
of the norm-conserving pseudo-potential method using the
ABINIT 4.1.4 code.23) The valence electron configuration
was 3s23p2. The cut off energy of the plane-wave basis set
was 30 Ry. The core electron wavefunctions were repre-
sented by the Slater function parameterized by Clementi
and Roetti.24) A self-consistent positron wavefunction was
calculated on the basis of the two-component density
functional theory. The Boroński–Nieminen enhancement
factor was adopted.25) The DBAR spectra NðpÞ were
obtained by convoluting �ðpÞ with the Gaussian resolution
function having a half width of 5:49� 10�3m0c. Since even
at the melting point the thermal energy of positron is
150 meV at most, the effect of temperature on �ðpÞ may be
very small. Hence, no temperature effects were considered in
the calculation.

Figure 1 shows the S parameter as a function of temper-
ature. The effect of volume expansion (10�5 K�1) is smaller
than the present experimental uncertainties. No distinct
changes in the S parameter exceeding the volume expansion
are seen for all types of samples up to 1380 �C. This result is
consistent with that obtained in previous works.12,13) Thus,
no vacancy formation is confirmed below 1380 �C.

In the cases of lightly P-doped CZ and FZ Si samples, the
S parameter once slightly decreases by approximately 1% at
about 1407 �C and increases again upon further heating

Japanese Journal of Applied Physics 48 (2009) 030203 RAPID COMMUNICATION

030203-1 # 2009 The Japan Society of Applied Physics

http://dx.doi.org/10.1143/JJAP.48.030203


before melting. A similar decrease in the S parameter is
observed in the case of heavily Sb-doped CZ Si at 1398 �C,
but in this case, the S parameter markedly increases before
melting. At the end of the first heating run without melting,
samples were cooled down to room temperature slowly and
subsequently heated again. After cooling, the S parameter
decreased to the original level and also, in the second
heating run, the S parameter again changed in similarly to
that in the first run.

Figure 2 shows the experimental DBAR spectrum (differ-
entiated by that of the as-grown state) at 1407 �C, where the
S parameter decreases, for the lightly doped FZ Si sample.
Similar spectra were obtained for CZ samples. It is found

that the DBAR spectrum becomes broader above 5�
10�3m0c. This implies the formation of some phase denser
than solid Si before melting. This is ascribed to a purely bulk
property since such features are observed irrespective of the
doping condition and growth method. Considering the fact
that after the decrease in S parameter the samples immedi-
ately melted, the denser phase represents the precursor state
for melting. It was also found that sample resistivity started
to decrease from when the S parameter decreased. The
density of liquid Si is approximately 10% higher than that
of solid Si even at zero pressure. Liquid Si exhibits a
metallic conduction.32) Therefore, the above observations
may be ascribed to partial melting.

Liquid Si is thought to maintain a certain structure, similar
to �-Sn and Cmca structures.26–31) We thus calculated
DBAR spectra assuming diamond, �-Sn, and Cmca struc-
tures and compared with those obtained in the experiment.
In all the cases, the density is assumed to be the same for
molten Si [10% heavier than solid Si (2.35 g/cm3)]. As seen
from Fig. 2, the overall feature of the experimental spectrum
is in good agreement with the calculated spectra for the �-Sn
and Cmca structures. (The amplitudes are reduced to 30 and
60%, respectively, for direct comparison.) The calculated
spectra with the contracted Si only qualitatively reproduces
the experiment. Thus, the decrease in the S parameter may
be attributed to the structural transformation from diamond
to �-Sn and/or Cmca structures.

Nishizawa et al. analyzed the TEM images obtained during
melting in detail.3,4) They found a transitional phase between
solid and liquid phases. They further reported that the
transitional phase is associated with five-member rings. The
precursor state for melting found in the present study may be
correlated with the transitional phase observed by TEM.

The increase in the S parameter above 1400 �C cannot be
simply attributed to the fusion of Si. That is, the formation
of thermal vacancies should be taken into account. In lightly
P-doped FZ and CZ Si samples, the increase in the S
parameter is moderated, while in heavily Sb-doped CZ Si,
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Fig. 1. S parameter as a function of temperature obtained from

(a) lightly P-doped FZ Si, (b) lightly P-doped CZ Si, and (c) heavily

Sb-doped CZ Si. Circles and squares denote the first and second

heating runs, respectively. Solid lines are guides for eye.
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Fig. 2. (Color online) The profile indicatd by open circle denotes the

DBAR spectrum at 1407 �C, where the S parameter decreases,

obtained from the lightly P-doped FZ Si. To show differences from the

as-grown state, the original spectrum was differentiated from that of

the as-grown state. Red, blue, and black lines denote the DBAR

spectra calculated with Si crystals of �-Sn, Cmca, and contracted

diamond structures, respectively. All the spectra are differentiated

from that calculated for Si with a diamond structure of normal lattice

constant (5.43 Å).
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the S parameter increases markedly. This suggests that more
thermal vacancies are formed in heavily Sb-doped CZ Si. It
is known that by doping impurities with larger covalent bond
radii, e.g., Sn and Bi, the so-called D-defect region that is
considered to originate from vacancy-type defects is well
developed in CZ Si. Hence, excess vacancies may be readily
formed owing to doping of oversize impurities.

Figure 3(a) shows the DBAR specra obtained from the
heavily Sb-doped CZ Si sample at room temperature and
1410 �C. Figure 3(b) shows the theoretical spectra for
perfect Si, monovacancy and divacancies. From this, the
increase in the S parameter at 1410 �C is hardly explained
only by monovacancy. That is, divacancies and/or further
vacancy agglomerates are also formed.

Oshima et al. found the formation of stacking fault
tetrahedra during solidification of molten Si.1,2) This means
that excess vacancies are formed in molten Si and are frozen
as agglomerates. The absence of six-member rings in the
transitional state also implies the introduction of vacancies.
Thus, thermal vacancies are likely produced in the transi-
tional phase near the melting point and are exhausted in the
bulk region. The results obtained in the present positron
annihilation experiments are consistent with those obtained
by TEM studies and also the positron annihilation study of
laser-irradiated Si.34)

In summary, through positron annihilation measurements
on Si using positron microbeam at high temperatures, the
formation of the precursor state for melting was found. It

should be a denser state than normal solid Si. After the
formation of the precursor state, thermal vacancies were
formed. This effect is much pronounced in heavily Sb-doped
Si. Thus, thermal vacancies are formed when Si undergoes
the solid–liquid phase transition.
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Fig. 3. (Color online) (a) Experimental DBAR spectra obtained from

the heavily Sb-doped CZ Si sample in as-grown state (open circle)

and at 1410 �C (red circle). (b) Calculated DBAR spectra for perfect Si

(black line), monovacancy (blue line), and divacancy (red line).
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