Journal of Materials Science: Materials in Electronics (2018) 29:4261-4265
https://doi.org/10.1007/5s10854-017-8372-6

@ CrossMark

Isovalent doping and the C,0, defect in germanium

S.-R. G. Christopoulos' - E. N. Sgourou? - R. V. Vovk? - A. Chroneos'* - C. A. Londos?

Received: 10 August 2017 / Accepted: 2 December 2017 / Published online: 6 December 2017

© The Author(s) 2017. This article is an open access publication

Abstract

Oxygen—carbon defects have been studied for decades in silicon but are less well established in germanium. In the present
study we employ density functional theory calculations to study the structure of the C,0O; defect in germanium. Additionally,
we investigate the interaction the C,O; defect with isovalent dopants such as silicon and tin. It is calculated that the C;0;
defects will preferentially form near isovalent dopants in germanium. Interestingly the structure of the dopant-C,0; defects
is different with the Sn residing next to the O; whereas the Si atom bonds with the C;. The differences in the structure of C,0;

defects in the vicinity of isovalent dopants are discussed.

1 Introduction

Although germanium (Ge) was implemented in the first tran-
sistor commencing the solid state electronics era silicon (Si)
prevailed for applications in microelectronics, photovoltaics
and sensors for many decades due to its high quality crystal
growth technology and advantageous native oxide [1-12].
In the past few years materials with advantageous physi-
cal properties (e.g. higher carrier mobilities, low dopant
activation temperatures and smaller band-gap) such as ger-
manium (Ge) are becoming increasingly important [1-12].
The consideration of alternative substrates is mainly due to
the high-k gate dielectric materials, which have effectively
eliminated the requirement of a good quality native oxide
in advanced nanoelectronic devices [1]. For decades the
characteristic dimensions of devices were reduced and this
has constituted the importance of point defects and defect
clusters increasingly important as they can impact materials
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properties. Examples include the need to reduce the concen-
tration of vacancy-oxygen pairs (VO or A-centers) and/or
the carbon-related defects (such as C;0,(Sip,, n=1, 2,...)
in Si [13-19] and the requirement to contain the fast n-type
dopant diffusion in Ge [2, 10, 12].

Although C is not miscible in Ge, however, concentra-
tions of up to 10! cm ™ have been previously determined
[1, 20, 21]. Additionally, high concentrations have been
incorporated as C has been used to reduce the n-type copant
diffusion in Ge [12]. The oxygen dimer and the A-center are
the main oxygen-related defects in Ge [1, 14, 22, 23]. Under
irradiation in Si, O and C associate to form the C,O; defect
[24, 25]. In Si;_,Ge, an analogous defect was calculated to
exist [26] and we therefore expect the formation of the C,0;
defect in Ge.

The introduction of dopants in the lattice can lead to local
strains that can in turn impact the defect processes of a mate-
rial [27-33]. In previous investigations it was shown that
the introduction of large isovalent dopants such as Sn can
impact dopant—defect interactions in Ge (and in Si) [12, 19].
In the present study we have employed density functional
theory (DFT) modeling to investigate the structure of the
C,0; defect in Ge and its interaction with isovalent dopants
such as Si or Sn. The results are compared with recent DFT
results on related clusters in Si.
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2 Methodology

All the calculations were performed using the plane wave
DFT code CASTEP [34, 35]. Here the exchange and cor-
relation interactions were introduced by using the corrected
density functional of Perdew, Burke and Ernzerhof (PBE)
[36]. The calculations involved 250-atomic site supercells,
within the generalized gradient approximation (GGA), with
ultrasoft pseudopotentials [37], a plane wave basis set cut-
off of 350 eV, and a 2 X2 X2 Monkhorst—Pack (MP) [38]
k-point grid. The efficacy and convergence of this method
to describe defects in Ge Si has been discussed in previous
studies [39-41].

Here we use binding energies to calculate the relative
stability of the C,O; defect and its interaction with Si and Sn
atoms. The binding energy of a defect cluster is the energy
difference of the cluster and its isolated constituent point
defect components. For a negative binding energy the defect
cluster is stable with respect to its constituent point defect
components and it is bound to form. Finally, it should be
noted that the dopant concentration considered here is 1/250
(i.e. 0.4%).

3 Results and discussion

Here we have employed DFT to calculate the lowest energy
structures of the C,0; defects in Ge and in isovalent (Si or
Sn) doped Ge. This defect and its interaction with isovalent

Fig. 1 Schematic representation
of the energetically favourable
C,0; configurations in Ge and
Si. Characteristic distances and
angles in the vicinity of the C,0, ° Ge
defect are given

Ge distances
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Ge Angles(°)

dl = 2.51 A | Ge;-0-C = 139.96
d2 =1.32 A | 0-C-Ge, = 104.51
d3 = 2.11 A | Ge,-C-Ge; = 103.75
d4 =1.95A | Ge,-C-O = 114.63

dopants is studied mainly in Si and Si;_,Ge, [42-50], how-
ever, there is very limited information in Ge [1].

Figure 1 represents the energetically favourable C,O; con-
figurations in Ge (left) and Si (right). In this figure all the
related angles and distances around the defect are reported.
It was calculated in previous DFT studies [13, 17, 42, 43]
that the energetically favourable structure of the C,O; defect
is the ring configuration or R-form (refer to Fig. 1, right)
with the O-form of the defect (the O; occupying an inter-
stitial site in between two Si atoms, refer to Fig. l1a of Ref.
[13]) although the energy difference between the two con-
figurations is very small (0.003 eV) [13]. In Ge, the lowest
energy C,0; defect is different (refer to Fig. 1, left) with the
C; and O; being only 1.32 A apart. This configuration is
bound with —2.46 eV (refer to Table 1).

For completeness in Fig. 2 we represent the interaction
of the C,0; defect in Si with isovalent dopants (Sn and Ge).
It can be observed that the R-form of the defect is preserved
with both isovalent dopant atoms residing closer to the O,
atom. Additionally, the distances are similar (d2—-d6) with
the exception of the isovalent dopant-Oi (i.e. distance d1 in
Fig. 2), which is significantly different reflecting the size
difference between Sn and Ge.

Table 1 Binding energies (eV)

; Cluster Binding energy
of the C,O; clusters in Ge. In
parentheses the binding energies C.0. —2.46
of the clusters where the dopant s
is about 14 A away from the Si-GO; —372(=252)
C,0; defect Sn—C;0; —3.53(-2.50)

Q ;du(dg
dg v
dl[)‘z
>{ds
o _
£
Si distances Si Angles(°)

d5=1.76A | Si,-0-Si; = 131.60
d6 =179 A | 0-Si;-C = 90.70
d7 =1.78 A |Si,-C-Si, = 140.83
d8 =1.79 A |Si,-C-Si; = 126.69
d9 =1.79A | C-Si;-O = 88.27
d10 = 1.76 A | Si;-O-Si, = 139.85

Si;-0-Si, = 88.55
Sil‘C'Si3 = 9248
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Fig.2 Schematic representation
of the energetically favourable
C,0; configurations in Si with a
nearest neighbor Sn dopant and
a nearest neighbour Ge dopant,
respectively. Characteristic dis-

O si

tances and angles in the vicinity o Ge d; s ds

f the C,O; defect are given and

gom;ared to the initialgdistances d Q d Q

(undoped Si) QO C . K i o &8
° o : ¥,

initial distances | final Sn distances | final Ge distances

d, 1.75 A 2.14 A 1.97 A
d, 1.88 A 1.77 A 1.81 A
ds 1.77 A 1.77 A 1.77 A
d, 1.79 A 1.78 A 1.78 A
ds 1.79 A 1.79 A 1.79 A
dg 1.79 A 1.74 A 1.76 A

Sn Angles(°)

Sn-0-S; = 126.59
89.99
S,-C-S, = 142.23
S,-C-S; = 128.22
C-Si;-O = 89.42
Si;-0-Sn = 142.38
Si,-O-Si; = 91.04
Si,-C-Si; = 89.55

0-5,-C =

Figure 3 (left) is a schematic representation of the ener-
getically favourable C,0; configurations in Ge with a near-
est neighbor Sn dopant and a nearest neighbour Si dopant
(Fig. 3 right). The Sn—C,0; and Si-C;0; defects are bound
—3.53 and —3.72 eV, respectively (refer to Table 1). These
energies are reduced to —2.52 and —2.50 eV (i.e. almost
the same to C,0;) when the dopant is about 14 A away from
the C,O; defect. The structure of the dopant-C,0; defect is
different with the Sn atom residing near the O;, whereas
the Si resides near the C; atom. The structure of the C,O;
defect remains largely unchanged when it is bound near a
Sn or a Si atom (refer to distances d1-d3 in Fig. 3) with the
only marked difference being distance d4 (C,—Ge distance
in Sn—C;0; and C;-Si distance in Si—C;0;). In the case of Si-
doped Ge d4 is about 5% shorter reflecting the smaller size
of the Si atom as compared to the Ge host atoms.

Si is smaller and completely soluble in Ge with the
resulting Si,_,Ge, alloys being random alloys. Addition-
ally, Sn is also soluble in Ge (but not over the complete

Ge Angles(°)

Ge-0-S; = 129.13
0-S,-C = 90.30
S,-C-S, = 141.91
S,-C-S; = 127.75
C-Si5-O = 89.22
Si;-0-Ge = 140.73
Si,-0-Si; = 90.14
Si;-C-Si; = 90.33

compositional range) occupying substitutional sites and
forming Sn,_,Ge, alloys. These alloys will have differ-
ent defect processes as compared to the end members.
Even in the low concentration doping limits considered
in the present study it is observed that the C;0; defects
will preferentially form near the isovalent dopant with
the energy gain being considerable (more than 1 eV,
refer to Table 1). This is the opposite picture to what
was observed in Si where the C,0; defects did not bind
with isovalent dopants (Ge, Sn) [45]. Such differences in
defect processes between the Si and Ge host materials are
common although they share the same crystal structure
[1, 12]. For example the CV and BV pairs in Si are bound,
whereas in Ge they are not [51]. In the past years interest
on Ge is regenerated partially because of the increasing
applications of its group IV alloys (for example germa-
nium carbide) [52-54], however, many aspects of the
defect processes in Ge and its alloys need to be system-
atically investigated.
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Fig.3 Schematic representation
of the energetically favourable
C,0O, configurations in Ge with a
nearest neighbor Sn dopant and
a nearest neighbour Si dopant,
respectively. Characteristic dis-
tances in the vicinity of the C,0;
defect are given and compared
to the initial distances (undoped
Ge)

Si

O
(::) Sn
[+
o
o

initial distances | final Sn distances | final Si distances

d; 2.69 A
d, 1.32 A
ds 2.11 A
d, 1.95 A

4 Conclusions

DFT was employed to calculate the structure and relative
stability of C,O; defects in Ge in the presence of Si or Sn. In
the present study we calculate that under equilibrium con-
ditions the C,0; defects in Ge will preferentially form near
isovalent dopants such as Si or Sn. The energy gain for the
C,0; to form near these isovalent dopants exceeds 1 eV. This
is different to Si where C,O; defects will preferentially form
away from oversized isovalent dopants.
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