
Abstract. We have prepared 28Si, 29Si and 30Si single
crystals with enrichments above 99.9 at % and a silicon single
crystal of natural isotopic composition. The oxygen and
carbon concentrations in all the crystals are within
5� 1015 cmÿ3, and the content of metal impurities is
0.01 ë 0.1 ppma. The refractive index of the crystals has
been determined in the range 1:05ÿ 25:5 lm using interfer-
ence refractometry, and its dispersion and material dispersion
have been determined.
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Crystalline silicon is the basic material of microelectronics
and solar cells. In addition, it is an attractive optical
material with a high transmission in the near- to mid-IR
spectral region. Recent years have seen rapid growth in
silicon photonics, which is expected to énd application in
next-generation optical ébre communication and informa-
tion transfer systems. Monoisotopic silicon is considered
the basic component of quantum computers [1].

Polycrystalline silicon was prepared earlier by thermal
decomposition of silane enriched in one of the silicon
isotopes. The preparation of high-purity isotopically
enriched silane was described by Devyatykh et al. [2] and
Churbanov et al. [3]. The process was run on a graphite
substrate at 800 8C. The resultant silicon was separated from
the substrate and puriéed by ten molten zone passes. Single
crystals were grown in the [100] direction by êoat zoning in
a high-purity argon atmosphere. The same procedure was

used to prepare a single crystal of natural isotopic compo-
sition, natSi: 92.23% 28Si, 4.68% 29Si, 3.09% 30Si [4].

The isotopic composition of the crystals was determined
by mass spectrometry [5] with an accuracy of 0.01 at % or
better. The results are presented in Table 1. Comparison
with data reported by Itoh et al. [6] and Ager et al. [7]
indicates that our crystals are more isotopically enriched
and offer higher chemical purity and resistivity.

The structural perfection of the crystals was evaluated
using X-ray diffraction and selective etching. No orientation
disorder, low-angle boundaries or twin regions were
detected in the crystals. The width of their rocking curves
was 1100 ÿ 1200. The room-temperature resistivity of the
crystals ranged from 100 to 200 O cm.

According to mass spectrometric measurements, the
contents of 72 impurities were below the detection limit
of mass spectrometry (less than 0.01 ë 0.1 ppma). The
oxygen and carbon concentrations were within
5� 1015 cmÿ3 as determined by IR spectroscopy in con-
formity with the ASTM standards F-1188 and F-1391 [8].

Figure 1 shows the room-temperature Raman spectra of
the four crystals. The spectra were measured in a back-
scattering geometry on a T64000 triple spectrograph.
Excitation was provided by the 514.5-nm argon laser
line. The detector used was a liquid nitrogen cooled
CCD matrix, which enabled the spectra to be collected
in 0.7-cmÿ1 steps. The observed Raman band (data points in
Fig. 1), due to érst-order scattering by phonons of ¤15

symmetry, is well étted by a Lorentzian of width 3.3 ë
3.4 cmÿ1 for 28Si, 29Si and 30Si and 3.7 cmÿ1 for natSi (solid
lines), which points to high structural perfection of the
monoisotopic single crystals.

Figure 2 plots the peak position of the Raman band
against atomic mass for the four crystals. The solid line
represents the best ét for the phonon frequency vs. atomic
mass data: O � 2758:70Mÿ1=2.

From the crystals, we prepared plane-parallel plates of
three thicknesses (0.7 to 1.3 mm) for measuring interference
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Table 1. Isotopic composition of the Si single crystals (mass spectro-
metry data)

Crystal
Atomic percent

28Si 29Si 30Si

28Si 99.9934 0.00637 0.00023
29Si 0.026 99.919 0.055
30Si 0.005 0.021 99.974



transmission spectra. The measurements were made on a
Bruker IFS-113v Fourier transform vacuum spectrometer in
the range 9500 ë 390 cmÿ1 (1.05 ë 25.5 mm) with a resolution
of 0.1 cmÿ1. Each interference maximum was obtained as at
least ten data points. The sample temperature was main-
tained at 22 8C with a stability of 0.1 8C. The spectra were
used to determine the refractive index n of the crystals as
described in [9, 10]. The data set thus obtained (more than
70000 n values) was étted with a Cauchy polynomial of the
eighth degree [11],
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which ensured an rms deviation in n within 3:5� 10ÿ5 over
the entire measured range and a maximum deviation less

than 2� 10ÿ4. Figure 3 shows the spectral dependences of n
for the isotopically enriched and natural Si crystals. Table 2
lists the refractive indices of the silicon crystals at 1.5, 2 and
5 mm.

It is seen in Fig. 3 that, with increasing atomic mass, the
spectral dependence of the refractive index far away from
electron and phonon transitions shifts downwards. This
behaviour of the dispersion curve can be understood in
terms of a lattice of coupled dipoles [12, 13]. In this classic
model, the following relation holds for a cubic lattice with
no absorption and no spatial dispersion:

n 2�o� � 1ÿ aEg�Mi�
o 2 ÿ E 2

g �Mi�
ÿ

~bOi

o 2 ÿ O 2
i

;

where Eg is the band gap; Mi is the atomic mass of iSi; Oi is
the phonon frequency; and a and ~b are the model
parameters representing two types of oscillators, corre-
sponding to the fundamental absorption edges for electrons
and phonons, respectively.

The intrinsic edge energies of an isotopically pure crystal
can be expressed as [14 ë 16]
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Figure 1. Fundamental Raman band of the 28Si, 29Si, 30Si and natSi
(natural isotopic composition) single crystals.
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Figure 2. Peak position of the Raman band, O, as a function of atomic
mass.

Table 2. Refractive index of the silicon single crystals at 1.5, 2 and 5 mm.

Crystal
Wavelength

�
mm

1.5 2 5

28Si 3.48399 3.45446 3.42385
natSi 3.48392 3.45432 3.42374
29Si 3.48358 3.45411 3.42344
30Si 3.48268 3.45328 3.42266

R
ef
ra
ct
iv
e
in
d
ex

R
ef
ra
ct
iv
e
in
d
ex

a

b

natSi

3.40

3.44

3.48

3.52

3.56

0 5 10 15 20 25

Wavelength
�
mm

Wavelength
�
mm

3.454

3.453

3.452

2.02 2.03 2.04

28Si

29Si

30Si

Figure 3. Spectral dependences of the refractive index for the 28Si, 29Si,
30Si and natSi (natural isotopic composition) single crystals (a) over the
entire measured range and (b) in the range 2.02 ë 2.04 mm.
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where Mnat is the average atomic mass of natural Si and
nB � ( expOi=Tÿ 1)ÿ1 is the Bose distribution for phonons.
According to Lastras-Martinez et al. [15] EB �
28713:3 cmÿ1 and aB � 967:9 967.9 cmÿ1.

The a and ~b parameters also depend on atomic mass.
Moreover, both parameters vary with lattice constant as
aÿ30 . Note that a0 depends on atomic mass (see e.g. [17]), but
this dependence is negligible in the test model under
consideration. The vibrational parameter ~b of silicon
describes the IR absorption due to two-phonon transitions
and, hence, is related to the atomic mass by

~b � b
M 2

i
,

where b � const [18]. Therefore, with increasing Si atomic
mass, the electronic absorption edge shifts to shorter
wavelengths, and the phonon absorption edge shifts to
longer wavelengths. As a result, the dispersion curve of the
refractive index in the transmission window should shift
downwards without marked changes in shape, as observed
in our experiments.

Thus, we have prepared and characterised high-purity
28Si, 29Si, 30Si and natSi single crystals. The refractive index
of the crystals has been measured in a wide spectral range
(1.05 ë 25.5 mm).

The results demonstrate that the monoisotopic silicon
crystals differ markedly in refractive index. This might be
used to fabricate multilayer waveguiding structures from
different silicon isotopes for integrated and ébre optics in
the range from 1.05 to 25.5 mm.
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