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Isotopically Enriched Silicon

Avogadro Project
• Redefine the kilogram based on the 

lattice constant and density of 28Si.
• Final ~ 5 kg crystal grown in 2007
• Enrichment:  99.991% 28Si

[P] ~ 5 x 1011 cm-3

[B] ~ 5 x 1013 cm-3

• Dislocation free!

Isotopic Fingerprints of Deep Centers

31P Hyperfine Splitting of the Neutral Donor Bound Ex citon

Nuclear and Electron Spin (Qubit?) Measurement and Initialization

Spectra of the 31P bound exciton in an n-type 28Si sample, revealing 
electronic and nuclear polarizations obtained by selective optical 
pumping. At the bottom is a spectrum without any pumping. The 
upper three spectra show the PLE signal when the pump laser is 
located at the peak of either line 6, 6' or 8.

Se Donor Absorption – 77Se Hyperfine Splitting

Shallow Impurity Absorption – P and B

Absorption spectra of Se+

1S(T2)� 7 of different combi-
nations of impurity and host 
isotopic composition. 
Transitions due to stable 
isotopes of Se are well 
resolved in the 28Si:natSe 
spectrum.
The 77Se Hyperfine doublet 
dominates the spectrum of 
the 28Si:77Se sample at the 
bottom.
(natSi:natSe spectrum used with 
permission of B. Pajot)

High energy end of 
the IR absorption 
spectrum of boron 
(B) doped natSi and 
of 28Si.
In 28Si absorption 
lines are up to 20x 
narrower than in 
natSi. Different B 
isotopes can be 
resolved.
The arrow marks the 
part shown in the 
spectrum below.

The Zeeman splitting components of the 77Se+ 1S(T2)� 7 transitions in 
28Si are shown as a fan diagram, where the brightness corresponds 
to the magnitude of the absorbance. The level diagram indicates the 
origin of the these components. 1S(A1) is the Se+ ground state, and 
me and mI are the electronic and nuclear spins, respectively.
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The top two spectra are from a sample with low-P concentration. All 
identified 10B-11B pairs are labeled. The instrumental resolution is 
0.006 cm�1 . The bottom spectrum and inset show phosphorus (P) 
absorption lines, both at a resolution of 0.02 cm�1 .
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Cu0
0 luminescence line. Formerly described as a 2-Cu-atom 

complex. We demonstrate that at least 4 atoms form this complex 
by observing five different combinations of the two natural Cu 
isotopes (63 & 65) through their different exciton binding energies.

Cu3Ag1, formerly known as Cu*. Thought to be a 2-Cu-atom 
complex (different than Cu0

0). Via its isotopic fingerprint we can 
determine that it is a complex of 3 Cu and 1 Ag atoms.
This is a novel characterization method for many deep centers 
containing for example Cu, Ag, Au, Li and possibly Pt.
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Zeeman spectrum of the phosphorus bound exciton no-phonon 
transitions in a sample enriched to 99.991% 28Si, at T=1.4 K with a 
490 G magnetic field parallel to the [100] axis. For comparison, the 
spectrum of natural Si is shown, shifted to compensate for the 
dependence of the band gap energy on the average isotopic mass.
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A photoconductivity spectrum of the 31P bound exciton in the most 
perfect available sample of 28Si.

c,  Schematic for the optical polarization mechanism. A laser pumps 
neutral donors (D0) in only one selected electronic and nuclear spin 
state into a D0X state. This decays to an ionized donor plus free 
electron by the predominant Auger decay of D0X; subsequent electron 
capture may then populate the opposite electronic spin state.

a, A schematic of the transitions between the neutral donor ground 
state (D0) and the bound exciton ground state (D0X).  The two 
electrons (� ) of D0X form a spin singlet which cannot couple to the 
hole (� ), the nuclear spin, or the magnetic field.
b, Zeeman splitting of the D0 and D0X states, and allowed optical 
transitions, numbered in order of increasing energy. 
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One of the most prominent 
features of isotopically

enriched Si are reduced 
spectroscopic linewidths
through the elimination of 

inhomogeneous broadening.


