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The N dopant in the crystallized GST is bonded with
three Ge atoms and one Sb atom with mean distances of 2.02
and 2.39 A, respectively [see Fig. 8(b)]. Among them, two of
the three Ge atoms were bonded in the initial amorphous
structure and they are not broken during the recrystallization
process. The final structure in Fig. 8(b) is similar to N, or
N; studied in the above, which validates the energetic stabil-
ity in Fig. 1(b) computed with crystalline structures. How-
ever, the Ge atom indicated by the arrow in Fig. 8(b) is not
compatible with the rocksalt-style atomic registry and intro-
duces significant lattice deformation around the dopant. To
be specific, the defective Ge atom rotates the crystallo-
graphic orientations of neighboring Te atoms, which can be
regarded as a primitive form of the grain boundary. On the
other hand, neighboring atoms of Si (three Te atoms and one
Sb atom) are different from the neighbors in the starting
amorphous phase and they are bonded during annealing.
This indicates that Si-Te bonds are weaker than Ge-N bonds.
The Si dopant in Fig. 8(c) is still tetrahedrally coordinated
even though most atoms are aligned with the rocksalt struc-
ture. This observation implies that the energy barrier from
tetrahedral sp> bonding to orthogonal p-bonding network (so
called “umbrella flipping”*°) would be significant for Si
atoms, which would constitute a microscopic origin of the
impeded crystallization in Si-doped GST.

V. CONCLUSIONS

In conclusion, we performed extensive ab initio calcula-
tions on the crystalline and amorphous structures of GST
doped with Si, N, and O atoms, aiming to explain pro-
nounced effects of dopants at the atomic level. In the crystal-
line phase, the most favorable doping site for Si was Sige
while N and O dopants favor interstitial or substitutional Te
sites due to strong Ge—N or Ge—O bonds. However, the com-
parison of lattice parameters with experiment indicates that
interstitial dopants should exist in significant amounts. The
analysis on DOS indicates that the localization at the valence
top increases for N- or O-doped c-GST, which increases re-
sistivity of p-type c-GST. The amorphous structures of
doped GST were obtained by melt-quench simulations. It
was found that each dopant formed preferential bonding
such as Si—Te, Ge—N, and Ge—O pairs. In particular, the local
bonding structures around N or O atoms were well explained
based on crystalline structures of GesN4 and GeO,. This is
similar to the crystalline phase but the local bonding geome-
try is more favorable in the amorphous phase, which
accounts for the increased stability of doped a-GST. The
analysis on the local structure did not support the viewpoint
that the bonding character is significantly changed toward
the covalent character. The N dopant enhanced the covalent
character of Ge but this was counterbalanced by the
increased metallic nature of Te atoms. Nevertheless, Si
atoms were found to be most effective in fundamentally
affecting bonding nature of a-GST among the studied dop-
ants. We also carried out annealing simulations on a-GST
and the atomic structure of recrystallized N-doped GST was
close to that for the N; dopant in c-GST. However, the strong
tendency of the N dopant to form bonds with Ge atoms gave
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rise to significant lattice deformations akin to the grain
boundary. The Si-doped GST was partially crystallized but
Si atoms remained in the tetrahedral configuration. The com-
parison of the crystallization time with the undoped case
directly confirmed that Si and O dopants slow down the crys-
tallization process of a-GST. By enlightening the local struc-
tures of representative dopants and relating electronic and
atomic structures to material properties, present theoretical
results will serve as a useful guideline in choosing optimal
dopants to engineer specific properties of GST.
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